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 Chapter 1. DEVELOPMENT OF NEW RUTHENIUM AND RHENIUM BASED 
CATALYSTS FOR STEREOSELECTIVE OLEFIN METATHESIS 
 We have synthesized Ru-carbene isocyanide complexes that promote both ring-opening 
metathesis polymerization of norbornene as well as cycloisomerization of diethyl diallylmalonate. 
We have also synthesized a N-heterocyclic 
carbene complex bearing a biphenylthiol 
moiety, and we installed this ligand on a Ru-
carbene to produce a racemic chiral 
bidentate Ru-thiolate complex. Although the Ru-thiolate was found to initiate more slowly than 
the corresponding biphenoxide catalyst, both perform ring-opening/cross-metathesis (ROCM) 
with similar efficiency. Several other bidentate Ru-complexes were synthesized where the anionic 
ligand was varied (tosylate, pivalate, and phenylthiolate), as well as a new Re-alkylidene bis-
pyrrolide. 
Chapter 2. ENANTIOSELECTIVE RING-OPENING/CROSS-METATHESIS 
PROMOTED BY STEREOGENIC-AT-METAL RUTHENIUM COMPLEXES 
  We have expanded the scope of Ru-catalyzed enantioselective ROCM of cyclopropenes 
utilizing a variety of ester, ketone, ether, and aliphatic olefin cross-partners. The utility of this 
method was demonstrated in the enantioselective total synthesis of the marine natural product 
(+)-sporochnol, which was synthesized in 8% overall yield across eleven linear steps. 
Additionally, we have developed an enantio- and Z-selective ROCM of enol ethers and 
 oxabicycles; we propose the origin of Z-selectivity to arise from a lower barrier to 
ruthancyclobutane cleavage/formation for the cis-substituted ruthenacyclobutane vs the trans-
substituted ruthenacyclobutane (which is favored for ROCM of oxabicycles and styrene). We also 
have found that stereogenic-at-Ru complexes are capable of undergoing non-metathesis 
isomerization through polytopal rearrangements. This observation may explain why cyclopropene 
ROCM suffers from low enantioselectivity for many substrates.  
Chapter 3. HYDROGEN-BONDING AS A CONTROL ELEMENT IN 
DIASTEREOSELECTIVE RING OPENING/CROSS-METATHESIS 
 We have developed a diasteroselective ROCM reaction, which utilizes commercially 
available ruthenium dichloride 
catalysts in the presence of chiral 
allylic alcohols and cyclopropenes. 
Our investigation revealed that the 
presence of a hydroxyl group dramatically accelerates the rate of ROCM vs the corresponding 
methyl ether and delivered products in high yield and diastereoselectivity. Furthermore, we found 
that the methyl ether delivered the opposite diastereomer vs the allylic alcohol; this led us to 
propose that intramolecular H-bonding between the hydroxyl proton and a chloride ligand 
controls the diastereoselectivity and enhances the rate of the ROCM. Protic additives have also 
been found to promote polytopal rearrangements in stereogenic-at-Ru complexes; H-bonding may 
facilitate olefin metathesis in a similar fashion to polytopal rearrangement by reducing the trans 
effect during the transition state to ruthenacyclobutane formation. A number of synthetically 
useful allylic alcohols and strained olefin substrates efficiently provide products in high 
diastereoselectivity and with good E:Z selectivity (89:11-97:3 dr, 4:1-11:1 E:Z).  
 
 Chapter 4. Z-SELECTIVE MOLYBDENUM CATALYZED OLEFIN METATHESIS  
 We have developed a Mo-catalyzed Z-selective cross-metathesis (CM) reaction. A wide 
range of olefin cross partners were found to be effective for both enol ether and allylic amide 
substrates (51-97% yield, 81 to 98% Z). We applied our Z-selective CM method to the synthesis 
of KRN7000, a potent immunostimulant (the Z-allylic amide was obtained in 85% yield and 96% 
Z). We also utilized Z-selective CM in the formal synthesis of an enol ether plasmalogen C18 
(plasm)-16:0 (PC), a lipid membrane component found in mammalian brain tissue (the enol ether 
was obtained in >98:2 Z selectivity). Z-selective cross-metathesis is therefore a new tool for 
synthetic chemists to access important building blocks for the synthesis of biologically active 
molecules.  
Chapter 5. Z-SELECTIVE CROSS-METATHESIS OF VINYL BORONATES  
We have developed a Z-selective cross-
metathesis of vinyl and allyl boronates. Reactions 
of both substrate classes proceed to between 50-
95% conv and deliver Z-vinylboronate  and Z-
crotylboronate products in 85-93% Z selectivity. 
Allylboronate CM provides Z-crotylboronates which can be used for diastereoselective 
crotylation. The utility of Z-selective vinylboronate CM was demonstrated in the synthesis of a 
dienyl boronate (obtained in 83% yield and >98% Z) that will be utilized in the total synthesis of 
the potent anti-cancer agent disorazole C1.  
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Chapter 1. 
DEVELOPMENT OF NEW RUTHENIUM AND RHENIUM BASED CATALYSTS 
FOR STEREOSELECTIVE OLEFIN METATHESIS 
1.1 Fundamental Properties of Metal Carbenes 
Metal complexes bearing carbene ligands promote a vast array of chemical 
transformations and have become an invaluable tool in modern organic synthesis.1 Metal 
carbenes can be classified into two distinct categories: 1) Fischer-type carbenes (such as 
tungsten carbonyl complex 1.1, the first Fischer-type carbene reported)2 and 2) Schrock-
type carbenes (such as tantalum neopentyl complex 1.2, the first Schrock-type carbene 
reported).3,4 Fischer-type carbenes have strong electrophilic character since the carbene 
ligand is in the 1A1 singlet state; the bonding interaction for a Fischer-type carbene thus 
consists of the lone pair on carbon donating into a d-orbital of the metal, while a lone pair 
in a d-orbital of the metal donates into the empty p-orbital on carbon (as described by the 
                                                          
(1) Metal Carbenes in Organic Synthesis, Dötz, K. H. ed. Springer-Verlag, Berlin Heidelberg, 2004. 
(2) Fischer, E. O.; Maasbol, A. Angew. Chem., Int. Ed. Eng. 1964, 3, 580-581. 
(3) Schrock, R. R. J. Am. Chem. Soc. 1974, 96, 6796-6797.  
(4) Occhipinti, G.; Jensen, V. R. Organometallics, 2011, 30, 3522-3529. 
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Dewar-Chat-Duncanson model).4,5 Schrock-type carbenes, on the other hand, have a 
strong nucleophilic character since the carbene ligand is in the 3B1 triplet state; the 
bonding interaction of a Schrock carbene formally consists of a diradical carbene bonding 
with a diradical metal.4 The difference in electronegativity between a transition metal 
atom and carbon polarizes the Schrock carbene, which results in localization of charge 
density at the carbene carbon, and this polarization is responsible for the nucleophilic 
character of the carbene. Although carbenes are often classified as either Fischer or 
Schrock type, metal carbene complexes actually exist as a spectrum between these 
extremes. Occhipinti and co-workers have quantified the extent of Fischer carbene vs. 
Schrock carbene character according to natural bond orbital (NBO) analysis.4 Based on 
their computational findings, the 
natural population (a measure of 
relative electron density) at the 
C2patomic orbital of the carbene 
was found to be indicative of the 
electrophilic or nucleophilic 
character of the carbene.4 Tungsten 
pentacarbonyl methoxymethylidene 
(1.3) was found to have a natural 
population of 0.61 in the 
C2patomic orbital, which means the -bond of the carbene provides 0.61 electron to the  
                                                          
(5) Chatt, J.; Duncanson, L. A.; Venanzi, L. M. J. Chem. Soc. 1955, 4456-4460.    
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carbene carbon atom (Figure 1.2). The tungsten methylidene complex 1.4 has the same 
natural population (0.61) as 1.3, suggesting that both are highly electrophilic carbenes. 
The presence of the 6 d-electrons on the W-atom in combination with the five CO ligands 
provides so much electron density to the W that the M=C bond is polarized towards W, 
and the carbene possesses significant ionic character (i.e. it has a similar electronic 
structure to a stabilized carbocation). In 2,6-diisopropylphenylimido tungsten bis-tert-
butoxide methylidene (1.5, Figure 1.2), the oxidation state of the metal is formally WVI, 
and the natural population at the carbene carbon is now 1.14 (meaning the -bond 
provides 1.14 electrons to the carbene carbon). With an electropositive W center bound to 
a relatively electron rich carbon atom, the carbene carbon now has strong nucleophilic 
character and the bond is highly covalent. With these extremes of the spectrum in mind 
Occhipinti and co-workers analyzed several other carbenes and found that Mo-
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methylidene 1.6 (electronically similar to 1.5, Figure 1.2) has slightly less nucleophilic 
character than 1.5 (natural population of 1.04 at the carbene carbon), whereas Os- and 
Ru-methylidene(tricyclohexylphosphine)dichloride complexes (1.7 and 1.8, Figure 1.2) 
are both weakly electrophilic (0.90 and 0.83 respectively). The electrophilic/nucleophilic 
character of metal carbenes is also reflected by the chemical shift of the carbene proton of 
the metal complexes, for example: W-carbene 1.9 has a 1H NMR chemical shift of  17.2 
ppm (Figure 1.3).6 The far downfield shift is characteristic of a C-H bond attached to an 
extremely electron deficient carbon (consistent with an electrophilic carbene). Other 
electrophilic carbenes such as Ru-methylidene 1.10, cationic Fe-benzylidene 1.11 and Ir-
methylidene 1.12 also have similar downfield chemical shifts ( 18.9, 17.4, and 16.3 ppm 
respectively).7,8 Metal carbenes 1.9-1.12 all react as electrophiles in a variety of 
transformations: Ru-carbene 1.13 (structurally related to Ru-carbene 1.10) undergoes 
intramolecular phosphine attack at the carbene carbon upon heating, which after 
elimination produces an ylide intermediate;9 similarly, Ir-methylidene 1.12 undergoes 
intermolecular phosphine attack at the carbene carbon to produce an ylide.7 Additionally, 
W-carbene 1.9 and Fe-carbene 1.11 both undergo electrophilic cyclopropanation.6,8 
 In contrast to electrophilic carbenes 1.9-1.13, high oxidation state metal carbenes 
such as Mo-alkylidene 1.14 and W-alkylidene 1.15 have carbene proton chemical shifts  
                                                          
(6) Casey, C. P.; Polichnowski, S. W.; Shusterman, A. J. Jones, C. R. J. Am. Chem. Soc. 1979, 101, 7282- 
7292. 
(7) (a) Fryzuk, M. D.; MacNeil, P. A.; Rettig, S. J. J. Am. Chem. Soc. 1983, 107, 6708-6710; (b) Fryzuk, 
M. D.; Gao, X.; Joshi, K.; MacNeil, P. A.; Massey, R. L. J. Am. Chem. Soc. 1993, 115, 10581-10590.  
(8) (a) Brookhart, M.; Nelson, G. O. J. Am. Chem. Soc. 1977, 99, 6099-6101; (b) Brookhart, M.; Tucker, J. 
R.; Husk, G. R. J. Am. Chem. Soc. 1983, 105, 258-264. 
(9) (a) Schwab, P.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1996, 118, 100-110; (b) Hong, S. H.; 
Wenzel, A. G.; Salguero, T. T.; Day, M. W.; Grubbs, R. H. J. Am. Chem. Soc. 2007, 129, 7961-7968. 
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that are far upfield (12.1 and 8.1 ppm respectively, Figure 1.3).10 The far upfield 
chemical shift reflects the triplet character of the carbene, since the bond is more covalent 
the electrons are more evenly shared (and so the chemical shift approaches the chemical 
shift for an aldehyde). 
If the bond was 
completely covalent, 
the expected chemical 
shift would be similar 
to a simple olefin 
proton; instead, the 
Mo- and W-
alkylidenes are 
significantly polarized 
(with the majority of 
electron density 
residing on the 
carbene carbon, due to the higher electronegativity of carbon vs. Mo and W). Due to the 
significant electron density at the carbene carbon, Schrock-type alkylidenes are capable 
of becoming protonated and will also take part in nucleophilic addition reactions to 
appropriate electrophiles: for example, treatment of Mo-alkylidene 1.16 with 
                                                          
(10) For properties of Mo-alkylidene 1.14, see: (a) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, 
J.; DiMare, M.; O’Regan, M. J. Am. Chem. Soc. 1990, 112, 3875-3886. For properties of W-alkylidene 
1.15, see: (b) Schrock, R. R.; DePue, R. T.; Feldman, J.; Yap, K. B.; Yang, D. C.; Davis, W. M.; Park, L.; 
DiMare, M.; Schofield, M.; Anhaus, J.; Walborsky, E.; Evitt, E.; Krüger, C.; Betz, P. Organometallics, 
1990, 9, 2262-2275. 
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benzaldehyde results in a Wittig-type [2+2] cycloaddition/cycloreversion, furnishing 1-
(tert-butyl)-2-phenylethylene (>98% E) in quantitative conversion and producing a Mo-
oxo byproduct.10 
   Metal carbenes react with olefins in a manner that is dependent on the electron-
density at the metal: d0-d6 metal carbenes tend to react with olefins to form 
metallacyclobutanes, whereas d7-d10 metal complexes are proposed to react with olefins 
through nucleophilic attack at the carbene carbon, followed by elimination of a 
cyclopropane (Figure 1.4). As electron density increases at the metal (or decreases at the 
carbene carbon), the propensity for metal carbenes to undergo cyclopropanation 
increases: for example, Brookhart et al. have reported a highly electron rich Fe-
alkylidene complex (complex 1.17) that is capable of undergoing enantioselective 
cyclopropanation of styrene to deliver 18-electron Fe-complex 1.18 as well as 
cyclopropane 1.19 (Figure 1.4).11 The mode of reactivity observed in complex 1.17 is 
similar to Rh(II)-carbenes, which undergo cyclopropanation and are thought to behave 
more as stabilized carbocations than as true metal carbenes.12 Additionally, Casey and 
Burkhardt found that W-dibenzylidene pentacarbonyl complex 1.20 undergoes both 
olefin metathesis (forming tungstacyclobutane 1.21, which then releases 
diphenylethylene, 1.22) and a small amount of cyclopropanation (delivering 
dimethyldiphenylcyclopropane 1.23 as well as W-carbonyl complex 1.24).13 
                                                          
(11) Brookhart, M.; Timmers, D.; Tucker, J. R.; Williams, G. D. Husk, G. R.; Brunner, H.; Hammer, B. J. 
Am. Chem. Soc. 1983, 105, 6721-6723. 
(12) Doyle, M. P. Chem. Rev. 1986, 86, 919-939.  
(13)  Casey, C. P.; Burkhardt, T. J. J. Am. Chem. Soc. 1974, 96, 7808-7809. 
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The cyclopropane presumably arises through reductive elimination of the 
tungstacyclobutane 1.21, although the primary pathway is the retro [2+2] leading to 
olefin metathesis. Alternatively, the cyclopropane product may arise from direct 
nucleophilic attack of an 
olefin onto the W-
alkylidene: W-benzylidene 
1.11 was found to only 
undergo cyclopropanation 
(no metathesis products 
observed) upon treatment 
with a variety of olefins, and 
Casey et al. proposed this 
may indicate that the CO 
ligands do not dissociate 
from complex 1.11, and cyclopropanation thus occurs through an octahedral intermediate 
with direct attack of the olefin onto the alkylidene carbon (Figure 1.5).6 Since W-
dibenzylidene 1.20 undergoes both olefin metathesis and cyclopropanation, this could 
also be explained by a small portion of complex 1.20 retaining all CO ligands, and since 
it would be unable to form tungstacyclobutane 1.21 with octahedral geometry, 
cyclopropanation would again occur by an outer sphere process. Ru-carbenes will also 
undergo cyclopropanation or olefin metathesis depending on the ligands bound to the 
metal, for example: [RuCl2(CO)3]2 forms a carbene upon treatment with 1,1-
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diphenylpropargyl acetate, which reacts with styrene to form cyclopropane 1.25 as an 
84:16 mixture of isomers (favoring the cis, Figure 1.5).14 It is noteworthy that a variety of 
metals are capable of forming metal carbene complexes that promote this 
cyclopropanation reaction, including RhI, IrI, IrIII, AuIII, PtII, and GaIII.14 When the three 
carbon monoxide ligands are replaced with two phosphine ligands (as seen in the original 
Grubbs catalyst, complex 1.26), the carbene undergoes olefin metathesis (to provide 
benzylidene 1.27, Figure 1.5) with styrene rather than cyclopropanation.15 This can be 
rationalized in two ways: 1) the Ru-tris carbonyl adduct may undergo cyclopropanation 
without dissociation of any of the CO ligands (thus preventing ruthenacyclobutane 
formation), or 2) the strong -acidity of the carbonyl ligands may dramatically enhance 
the electrophilicity of the carbene. There are thus several factors that determine whether a 
metal carbene will undergo cyclopropanation or olefin metathesis: 1) nucleophilic 
carbenes generally do not undergo cyclopropanation, 2) electrophilic carbenes that are 
                                                          
(14) Miki, K.; Ohe, K.; Uemura, S. J. Org. Chem. 2003, 68, 8505-8513. 
(15) Nguyen, S. T.; Johnson, L. K.; Grubbs, R. H.  J. Am. Chem. Soc. 1992, 114, 3974-3975. 
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coordinatively saturated do not undergo olefin metathesis as they are geometrically 
prevented from doing so, and 3) the electrophilicity of the carbene must be attenuated to 
favor metallacycle formation over direct nucleophilic attack of an olefin onto the carbene 
carbon.  
Although there is a vast array of different ruthenium, tungsten, and molybdenum 
based catalysts for olefin metathesis, there is a persistent paradigm that limits application 
of these systems to certain synthetic challenges. Electrophilic Ru-carbenes tend to be 
very stable to water and moderately stable to oxygen, and are tolerant of a range of 
functional groups including alcohols, carboxylic acids, aldehydes, and ketones.16,17 Ru-
carbenes also tend to be relatively unreactive, in some cases requiring high temperature 
and high catalyst loading.18 Mo- and W-carbenes are extremely sensitive to air and 
moisture (most complexes undergo instantaneous decomposition in solution when 
exposed to air), and these complexes also decompose in the presence of proton sources 
(e.g. alcohols and carboxylic acids) and undergo nucleophilic addition to ketones and 
aldehydes (see above). Mo- and W-carbenes tend to be more tolerant to amine and sulfur 
containing functional groups, for example: tertiary amine substrate 1.28 undergoes facile 
ring-closing metathesis (RCM) in the presence of Mo-mono-pyrrolide/mono-aryloxide 
catalyst 1.29 to deliver tetracyclic amine 1.30, a precursor to (+)-quebrachamine (1.31, 
                                                          
(16) Hoveyda, A. H.; Gillingham, D. G.; Van Veldhuizen, J. J.; Kataoka, O.; Garber, S. B.; Kingsbury, J. S. 
Harrity, J. P. A. Org. Biomol. Chem. 2004, 2, 8-23.  
(17) Cortez, G. A.; Baxter, C. A.; Schrock, R. R.; Hoveyda, A. H. Org. Lett. 2007, 9, 2871-2874.  
(18) For an example of a difficult Ru-catalyzed cross-metathesis, see: Murphy, K. E.; Hoveyda, A. H. J. 
Am. Chem. Soc. 2003, 125, 4690-4691.  
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Figure 1.6).19 Ru-carbenes (such as chiral Ru-mono-aryloxide/iodide catalyst 1.32), on 
the other hand, are often deactivated in the presence of strong Lewis-basic groups 
(amines, thiols, phosphines, etc.); for instance, in the above mentioned RCM leading to 
amine 1.30, high catalyst loading (16 mol %) and elevated temperature (80 °C) was 
required to obtain the product 1.30 in only 50% conv.19   
There is a need to develop new catalysts for olefin metathesis that have some of 
the properties of both electrophilic catalysts (such as Ru) and nucleophilic catalysts (such 
as W and Mo). For example, a nucleophilic catalyst that is more stable to air and moisture 
may provide the unique reactivity and selectivity of nucleophilic catalysts while making 
them more practical to use. Additionally, an electrophilic catalyst that was less 
electrophilic may have higher reactivity (i.e. have a similar reactivity profile to Mo-
carbenes) but may still retain the functional group tolerance of Ru-catalysts. However, 
given the ability of electrophilic carbenes to undergo cyclopropanation, increasing the 
electrophilicity of Ru-based olefin metathesis catalysts will have an upper limit. With 
these principles in mind, we set out to develop new catalysts for olefin metathesis. The 
first catalyst system we explored involved exchange of the N-heterocyclic carbene ligand 
on a Ru-catalyst for a highly -acidic isocyanide ligand (the complex is represented by 
resonance structures 1.33 and 1.34, Figure 1.7); we reasoned that the presence of an 
isocyanide ligand should enhance the Lewis-acidity of the Ru (since electron density on 
the metal can be delocalized onto the isocyanide ligand, as shown in structure 1.33) and 
                                                          
(19) Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature, 2008, 456, 933-
937.  
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thereby enhance the reactivity of the complex. The second system we explored involved 
exchanging the biphenolate moiety of chiral Ru-catalyst 1.32 for a biphenylthiophenolate 
ligand (complex 1.35); we reasoned that the presence of a sulfur ligand should increase 
the Lewis acidity of the Ru since S is more -acidic than O (even though this is offset by 
a decrease in -withdrawing ability). In the first two systems, we sought to increase the 
reactivity of the carbene by increasing the Lewis acidity of the metal. When a metal is 
less Lewis acidic (more electron rich) this stabilizes the carbene singlet state since the 
metal has more electron density to backbond with the carbene; a more electron deficient 
metal favors electron sharing between the carbene ligand and the metal, favoring the 
triplet state. A more Lewis-acidic Ru-complex is thus expected to have a reactivity 
profile that approaches the activity of Mo- and W-based catalysts.  
Additionally, in the third system we studied we sought to produce a less 
nucleophilic high oxidation state catalyst, and therefore a complex that is more stable to 
air and moisture. Towards this end, we envisioned accessing a Re-mono-aryloxide/mono-
pyrrolide complex containing an alkylidyne moiety (e.g. complex 1.36). In contrast to an 
imido group (which polarizes the metal and dramatically enhances the Lewis acidity), an 
alkylidyne group should decrease the Lewis acidity of the metal since the 
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electronegativity difference between C and the metal is smaller than N and the metal. By 
decreasing the Lewis 
acidity of the metal 
carbene, we hoped that 
the Re-complex would 
be more robust to air 
and moisture, while retaining much of the ligand scaffold found in Mo-mono-
aryloxide/mono-pyrrolide catalysts; such a catalyst might still possess the unique 
reactivity and selectivity properties of the Mo system, while affording similar practicality 
and handling to Ru-based catalysts. 
1.2 Synthesis and Reactivity of a Ru-Isocyanide Complex  
One of the central challenges of developing new Ru-based olefin metathesis 
catalysts is to develop a new ligand scaffold. To date there are several L type ligands 
found in Ru-catalysts, including: the phosphine containing First generation Grubbs 
catalyst (1.27),20 the N-heterocyclic carbene (NHC) containing Second Generation 
Grubbs catalyst (1.37),21 a Schiff base containing catalyst (1.38),22 and a bidentate bis-
phosphine containing catalyst (1.39, Figure 1.8).23 In seeking to expand the ligand classes 
suitable for ruthenium catalyzed olefin metathesis, we were inspired by a study published  
                                                          
(20) Schwab, P.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1996, 118, 100-110. 
(21) (a) Huang, J.; Stevens, E. D.; Nolan, S. P.; Petersen, J. L. J. Am. Chem. Soc. 1999, 121, 2674-2678; (b) 
Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lett. 1999, 1, 953-956.   
(22) Chang, S.; Jones II, L.; Wang, C.; Henling, L. M.; Grubbs, R. H. Organometallics, 1998, 17, 3460-
3465.  
(23) Hansen, S. M.; Rominger, F.; Metz, M.; Hofmann, P. Chem. Eur. J. 1999, 5, 557-566.  
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by Diver and co-workers, in which they found that isocyanide ligands caused a well-
defined decomposition of Ru-carbenes (Figure 1.9).24 The decomposition proceeds by 
addition of p-
chlorophenylisocyani
de to the Ru-catalyst 
1.27, which produces 
a hexacoordinated 
intermediate 1.40 
that undergoes 1,2-
migration of the PCy3 ligand onto the carbene, leading to dissociation of phosphonium 
benzylidene 1.41. The cause of this phosphine transfer can be rationalized based on a) the 
presence of the strong -withdrawing chloride ligands on Ru and b) isocyanide is so -
acidic the Ru becomes extremely electron deficient when isocyanide binds to the metal; 
the electrophilicity of the carbene is thereby increased so much that phosphine adds as a 
nucleophile.24 We reasoned that by replacing the chloride ligands with more electron 
donating ligands (e.g. alkoxides) the electrophilicity of the complex would be greatly 
diminished, and thus a new Ru-carbene could be accessed. 
 We set out to access a Ru-isocyanide by first converting commercially available 
Ru-dichloride 1.27 into the corresponding bis-alkoxide 1.42, following a procedure 
developed by Sanford et al. (Figure 1.10).25 With Ru-alkoxide 1.42 in hand, we treated 
                                                          
(24) Galan, B. R.; Pitak, M.; Keister, J. B.; Diver, S. T. Organometallics, 2008, 27, 3630-3632.  
(25) Sanford, M.; Henling, L. M.; Day, M. W.; Grubbs, R. H. Angew. Chem. Int. Ed. 2000, 39, 3451-3453. 
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this complex with one equiv isocyanide 1.43, and 1H NMR analysis revealed the presence 
of a new Ru-carbene complex 1.44 with the carbene proton at  13.2 ppm. Small signals 
were visible between -1 and -5 ppm in the 1H NMR spectrum for complex 1.44, 
suggesting the presence of Ru-hydride species in solution; complex 1.44 was found to 
completely decompose upon standing in benzene solution for 24 h, presumably through a 
Ru-hydride related decomposition pathway (see below). In spite of the instability of 
complex 1.44, we tested its metathesis activity by treating it with 10 equiv norbornene 
(Figure 1.10), and upon mixing the norbornene formed a gelatinous polymer. The 
polymer was dissolved in C6D6 and analyzed by 
1H NMR, which confirmed the presence 
of a norbornene polymer (diagnostic olefin protons are visible at  5.8 and  5.4 ppm, 
corresponding to E and Z olefins respectively, 85:15 E:Z). Complex 1.44 was separately 
subjected to 10 equiv diethyldiallylmalonate, and although no RCM product was 
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observed, a broad singlet in the 1H NMR signal was visible at  -3.7 ppm, which we 
believe is the -proton of the ruthenacyclobutane formed during the course of RCM 
(complex 1.45, Figure 1.10). The chemical shift of the -proton is consistent with the 
range of the reported chemical shift for an unsubstituted ruthenacyclobutane derived from 
the second generation Grubbs catalyst (complex 1.46, Figure 1.10).26 It remains unclear 
why the olefin metathesis reaction becomes arrested at the ruthenacyclobutane 
intermediate, and further research would be required to understand the mechanism and 
scope of this transformation. In addition, upon treatment of complex 1.44 with 10 equiv 
styrene, the alkylidene signal at  13.2 ppm disappeared and approximately 1 equiv 
stilbene was present in the reaction mixture. However, stilbene was also observed when a 
solution of the complex in C6D6 was allowed to stand for 24 h, suggesting stilbene 
formation may result from bimolecular decomposition of the complex.27 
                                                          
(26) (a) Romero, P. E.; Piers, W. E. J. Am. Chem. Soc. 2005, 127, 5032-5033; (b) van der Eide, E. F.; 
Romero, P. E.; Piers, W. E. J. Am. Chem. Soc. 2008, 130, 4485-4491. 
(27) Toreki, R.; Schrock, R. R.; Vale, M. G. J. Am. Chem. Soc. 1991, 113, 3610-3611.  
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In order to address the instability of the Ru-isocyanide complex, we prepared the 
corresponding isopropoxy styrene analog 1.48 (Figure 1.11). Ru-bis-alkoxide 1.49 was 
prepared in situ from Ru-dichloride 1.50 following the same procedure used to access 
complex 1.42 and the isocyanide ligand was added to the in situ mixture to provide Ru-
isocyanide complex 1.48. 
Surprisingly, the 31P NMR spectrum 
for complex 1.48 contained only one 
signal at  10.46, which is consistent 
with the presence of free (non-metal 
bound) PCy3; the phosphine ligand 
presumably dissociates due to the 
steric constraints of the complex. 
The structure of complex 1.48 is 
only hypothetical, we were unable to 
obtain X-ray quality crystals of any 
of the isocyanide complexes we 
have synthesized. We propose that complex 1.48 rests in a square-based pyramid 
geometry where the alkoxide ligands are trans to each other and the isocyanide ligand is 
trans to the isopropoxy chelate, while the carbene ligand is apical. The most striking 
feature of the 1H NMR spectrum is the chemical shift of the carbene proton, which occurs 
at  12.6 ppm. To the best of our knowledge, this is the most upfield chemical shift for 
any Ru-carbene reported in the literature, and is so far upfield it is closer to the chemical 
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shifts observed for Schrock-type alkylidenes (for example, complex 1.14 has a proton 
that occurs at  12.2 ppm, Figure 1.3). The 1H NMR spectrum of complex 1.48, unlike 
benzylidene 1.44, did not contain any Ru-hydride species, and was found to be stable in 
anhydrous, degassed benzene for several days at room temperature. We also attempted to 
synthesize hexafluoro-tert-butoxide analog 1.51 simply by treating Ru-bis-tert-butoxide 
1.42 with 2.2 equiv hexafluoro-tert-butanol in C6D6,
25
 followed by treatment with 
isocyanide 1.43. Although >98% conv of the starting material was observed, unlike the 
reaction to form 1.44, a mixture of carbenes was formed: a singlet at  20.5 ppm (51% 
conv), one doublet at 18.9 ppm (J = 16 Hz, 3% conv), one doublet at 18.6 ppm (J = 14.8 
Hz, 11% conv), a singlet at 16.6 ppm (25% conv), and a broad singlet at 16.5 ppm (9% 
conv). Although the structure of these species is unknown, there were also five distinct 
19F NMR signals observed ( -75.7, -76.1, -77.2, -78.0, -79.8 ppm), suggesting each Ru-
carbene is a hexafluoro-tert-butoxide adduct.     
We set out to evaluate the metathesis activity of complex 1.48, and we were 
pleased to find that as was seen with complex 1.44, norbornene underwent ROMP readily 
in the presence of 10 mol % Ru-catalyst 1.48 (Figure 1.12). We attempted to observe 
ring-opening/cross-metathesis (ROCM) with complex 1.48 by combining 
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vinylcyclohexane and norbornene, however, only ROMP polymer was observed. In 
addition to ROMP and ROCM, we evaluated whether complex 1.48 was capable of 
performing ring-closing metathesis (RCM) on diethyl diallylmalonate (1.47); at room 
temperature, the Ru- isocyanide remained uninitiated. However, upon heating to 60 °C, a 
highly unexpected transformation occurred: complete consumption of the diene was 
observed, but three new products were obtained. After separating these products by silica 
gel chromatography, we determined that none of the three compounds matched the 
expected 1H NMR spectrum for RCM product 1.52. Instead, after careful analysis of the 
NMR data, it was determined that the 1H NMR spectrum for these products matched the 
published spectra for cyclopentene derivatives 1.53-1.55;28 compounds 1.53 and 1.54 co-
eluted and were obtained in an 18% isolated yield as a 6:1 mixture of 1.53:1.54, while 
compound 1.55 was isolated separately in 45% yield. At 40 °C, under the same 
conditions, 89% conv of 1.47 was observed and 1.53 was isolated as the exclusive 
                                                          
(28) Necas, D.; Tursky, M.; Tislerova, I.; Kotora, M. New. J. Chem. 2006, 30, 671-674. 
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product in 48% yield. When the mixture of hexafluoro-tert-butoxide Ru-carbenes was 
used (with 10 mol % Ru-carbenes added), at 40 °C the same non-metathesis reaction was 
observed, leading to 30% conv to 1.53 in 3 h (vs 89% conv in 12 h with complex 1.48).  
We propose that the cyclopentene products observed in reactions with Ru-
isocyanides are products of a cycloisomerization reaction catalyzed by Ru-isocyanide 
complex 1.56 (Figure 1.13).29 We hypothesize that complex 1.56 arises from a 
decomposition pathway previously observed by Hoveyda and Schrock et al. in 
unsubstituted molybdacyclobutanes,30 as well as a -methyl migration in a substituted 
                                                          
(29) For a review on metal catalyzed cycloisomerization, see: Trost, B. M.; Frederiksen, M. U.; Rudd, M. 
T. Angew. Chem. Int. Ed. 2005, 44, 6630-6666.    
(30) Tsang, W. C. P.; Schrock, R. R.; Hoveyda, A. H. Organometallics, 2001, 20, 5658-5669.   
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ruthenacyclobutane reported by Bergman and co-workers (Figure 1.14).31 Analogous to 
to Bergman’s migration, we envision complex 1.48 reacts with diethyldiallylmalonate to 
form a square pyramidal ruthenacyclobutane 1.57 (Figure 1.13). In order for productive 
metathesis to occur, complex 1.57 must distort to a trigonal bipyramidal complex 1.58, a 
pathway that is clearly observed when a highly reactive, strained olefin such as 
norbornene is utilized (Figure 1.13). In the absence of a highly reactive olefin, we 
propose that there is an equilibrium between complexes 1.58 and 1.57, and since complex 
1.57 has an unoccupied coordination site trans to the -acidic isocyanide, we believe a 
hydride migrates to occupy this site, forming Ru--allyl complex 1.59 (Figure 1.15). 
Complex 1.59 then undergoes a reductive elimination to form a trigonal planar complex 
1.56. Complex 1.56 is then capable of undergoing cycloisomerization with a new 
 
                                                          
(31)  McNeill, K.; Andersen, R. A.; Bergman, R. G. J. Am. Chem. Soc. 1995, 117, 3625-3626. 
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molecule of diethyldiallylmalonate, analogous to the Ni-catalyzed cyclization reported by 
Necas and co-workers, in which complex 1.56 undergoes cyclometallation to form 
ruthenacyclopentane 1.60. Complex 1.60 
can then undergo -hydride elimination to 
form Ru-hydride 1.61; complex 1.61 can 
undergo a simple reductive elimination to 
release product 1.53 and regenerate 
trigonal planar complex 1.56, or complex 1.61 can undergo intramolecular 
hydroruthenation to furnish ruthenacyclobutanes 1.62 or 1.63 (Figure 1.16). Complex 
1.62 and 1.63 can then undergo two different -hydride elimination pathways, one of 
which delivers 1.54 and the other 1.55 following subsequent reductive elimination 
(Figure 1.16). To the best of our knowledge, this is the first example of a Ru-isocyanide 
catalyzed cycloisomerization reaction, and one could easily envision installing chiral 
alcohols on the ruthenium precursor (e.g. complex 1.64, Figure 1.17), which would 
potentially allow for an enantioselective variant of this reaction to be developed; to the 
best of our knowledge, no enantioselective Ru-catalyzed cycloisomerization reactions 
have been reported.29 
1.2 Synthesis and Reactivity of a Ru-Biphenylthiolate Complex 
Our interest in Ru-thiolate catalysts stems from a report by Straub wherein he 
describes a computational study of a variety of Ru-complexes with different anionic 
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ligands.32 One important finding in this work is the comparison of the barriers of rotation 
of Ru-carbene olefin complexes 1.65-1.68 (Figure 1.18). Using a model system in which 
the mesityl 
substituents of 
the NHC ligand 
have been 
replaced with 
methyl groups, 
Straub calculates 
the barrier of rotation for several methylidene complexes, including dichloride, 
difluoride, dimethoxide, and dimethanethiolate. The rotation of interest is between the 
‘inactive’ carbene conformation in which the p-orbital of the carbene lies in the same 
plane as the anionic ligands (with the carbene substituents positioned above and below 
the plane, as in structures 1.65 and 1.67), and the ‘active’ conformation in which the 
substituents of the carbene lie in the same plane as the anionic ligands. Straub found that 
the barrier to rotation between the inactive and active carbene conformation of the Ru-
dichloride complex is < 1 kcal/mol, while the barrier for the Ru-dimethoxide complex 
(1.65 rotating to 1.66) is +12.6 kcal/mol. Straub points out that this large barrier may 
explain why Ru-bisalkoxides described by Grubbs and Sanford were found to have very 
low catalytic activity.25,33 Remarkably, Straub found that when the methoxide ligands 
were replaced with methanethiolate, a dramatic decrease in the energy of the rotational 
                                                          
(32) Straub, B. Adv. Synth. Catal. 2007, 349, 204-214. 
(33) Sanford, M. S.; Love, J. A.; Grubbs, R. H. Organometallics, 2001, 20, 5314.  
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barrier was observed (+5.5 kcal/mol). Additionally, the Ru-difluoride complex was found 
to have a rotational barrier similar to the methanethiolate (+7.6 kcal/mol). Straub 
rationalizes these 
calculated values as 
follows: the stronger 
the -donation from 
the anionic ligands, 
the more the inactive 
carbene is stabilized, 
the larger the 
rotational barrier is 
to access the active 
conformation. Since 
fluorine is a smaller 
atom than chlorine, the 2p orbitals of F are less diffuse than the 3p orbitals of Cl, and F is 
therefore better suited to donate into the filled 4d orbital of Ru, which strengthens Ru 
back-bonding into the empty p-orbital of the methylidene. Additionally, Cl is more -
acidic than F, and therefore will donate less electron density. Similarly, oxygen is a better 
-donor than sulfur (considering, for  example, the pKa of phenol is 10 where thiopenol 
has a pKa of 6), and S is more -acidic than O, which explains the significantly lower 
rotational barrier for the dithiolate. In light of this report, we set out to synthesize new 
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we set out to synthesize new bidentate Ru-thiolate complexes in order to assess their 
catalytic activity, as well as the enantioselectivity of chiral variants.  
 We anticipated that the central challenge of accessing a Ru-biphenylthiolate 
would be the synthesis of the NHC ligand, since we hypothesized that the Ag-NHC 
transmetallation would behave in an analogous fashion to Ru-biphenoxides.34 We also 
surmised that the achiral imidazolinium salt 1.69 would be more straightforward to 
synthesize due to the ease of synthesizing the C-N bond of the backbone (through 
reductive amination). We began our synthesis of 1.69 with benzyl protection of 2-
bromothiophenol, delivering benzyl sulfide 1.70 in 75% yield (Figure 1.19). Benzylation 
was followed by Suzuki-Miyaura coupling with boronate 1.71, which produced biphenyl 
sulfide 1.72 in 87% yield. Diamine 1.74 was then obtained in 80% yield through 
reductive amination of sulfide 1.72 and aldehyde 1.73. The benzyl group of diamine 1.74 
was then deprotected through the use of a dissolving metal reduction, furnishing thiol 
1.75 in 91% yield. With the deprotected diamine 1.75 in hand we next formed the 
corresponding HCl salt by treatment with HCl in dioxane, and this salt was immediately 
subjected to cyclization using triethylorthoformate, which delivered imidazolinium salt 
1.69 in 64% yield over two steps.  
Having accessed the imidazolinium salt precursor, we installed the NHC ligand 
on Ru, using two approaches: 1) formation and isolation of an NHC-Ag complex with 
                                                          
(34) (a) Van Veldhuizen, J. J. Garber, S. B.; Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 
4954-4955; (b) Van Veldhuizen, J. J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. J. 
Am. Chem. Soc. 2003, 125, 12502-12508; (c) Van Veldhuizen, J.; Campbell, J. E.; Guidici, R. E.; Hoveyda, 
A. H. J. Am. Chem. Soc. 2005, 127, 6877-6882. 
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subsequent transmetallation onto Ru; and 2) in situ formation of an NHC-Ag complex in 
the presence of a Ru-precursor. Reaction of imidazolinium salt 1.69 with freshly prepared 
Ag2O proceeds cleanly to provide NHC-Ag complex 1.76, albeit in 25% yield (Figure 
1.20). When Ag-complex 1.76 reacts with Ru-carbene 1.77 at 60 ºC for one hour in 
tetrahydrofuran, the color of the solution changes from deep red to orange and an orange-
yellow precipitate formed. Following chromatography on silica gel, Ru-biphenylthiolate 
complex 1.78 was obtained as a brown-red solid. The 1H NMR  spectrum of this complex 
contains a carbene signal at  14.5 ppm, appearing as a doublet (JP-H = 7.6 Hz), indicating 
that the complex was isolated as a phosphine adduct. We confirmed the presence of a 
phosphine adduct by the 31P NMR spectrum, which contained a signal at  65.2 ppm. We 
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were surprised to isolate a phosphine adduct, since the corresponding biphenoxide 
complex (1.79, Figure 1.20) is isolated phosphine free (presumably the AgCl generated 
during transmetallation serves as a phosphine scavenger for this reaction).34c The 
diphenyl substituents present in complex 1.79 may also play a role in preventing 
phosphine from coordinating (since 1.79 has a more sterically demanding ligand sphere 
than 1.78). The strong association of the phosphine suggests that the Ru-thiolate/chloride 
may be more Lewis-acidic than the Ru-phenoxide/chloride, which could mean the 
complex has higher reactivity (as predicted from Straub’s calculations).32  
We next studied the in situ formation of the Ag-NHC complex by combining 
precursors 1.69 and 1.77 in the presence of Ag2CO3 in 1:1 THF/benzene (heated at 80 ºC 
for one hour), and, following silica gel chromatography, we isolated phosphine free Ru-
complex 1.80. We investigated the catalytic activity of complex 1.80 by reacting 7 mol % 
of this complex with 1 equiv diethydiallylmalonate at 22 ºC for 24 h. After this time, 0% 
conv to product and no appreciable initiation were observed. Since complex 1.80 is 
clearly slow to initiate, we synthesized the 3-phenyl-2-isopropoxystyrene Ru-complex 
1.81, through the same in situ procedure as per complex 1.80. Complex 1.81 was found to 
have similar spectroscopic properties to complex 1.80, indicating that it is also free of 
phosphine.35 We investigated the chemistry of Ru-carbene 1.81 along with catalyst 1.79, 
as well as achiral dichloride 1.82, and found that in spite of the phenyl substituent on the 
isopropoxy styrene moiety, 1.5 mol % complex 1.81 shows <2% initiation after one hour 
in the presence of diethyldiallyl malonate; in contrast 87% of Ru-phenoxide 1.79 
                                                          
(35) Wakamatsu, H.; Blechert, S. Angew. Chem. Int. Ed. Engl. 2002, 41, 2403-2405. 
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initiates, delivering 57% of the RCM product (Figure 1.21). Achiral Ru-dichloride 1.82 
was also found to have a superior performance (>98% initiation, >98% conv of starting 
material olefin in one hour).    
 An additional study was carried out both in cross-metathesis (CM) and ring-
opening/cross- metathesis (ROCM), through the use of the same panel of catalysts (1.79, 
1.81, and 1.82, Figure 1.21). We thus established that in CM of methyl acrylate and 
vinylcyclohexane, 5 mol % Ru-dichloride 1.82 delivers CM product 1.83 as exclusively 
the E isomer in 82% conv after four hours. In contrast, Ru-thiolate 1.81 and Ru-
phenoxide 1.82 showed <2% conv to product, and no appreciable initiation even after 4 
h. Ru-thiolate complexes therefore appear to be sluggish to initiate even with terminal 
olefins, indicating that in the case of the RCM of diethydiallyl malonate, the improved 
conversion and initiation for the Ru-phenoxide complex may have been due to generation 
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of ethylene (which presumably would more rapidly initiate the catalyst). In the ROCM of 
oxabicycle 1.84 with styrene, 5 mol % Ru-dichloride 1.82 provided 52% conv, which is 
more efficient than Ru-phenoxide 1.79 (35% conv) and Ru-thiolate 1.81 (36% conv) after 
90 min in toluene at 22 ºC. These results show that when initation is rapid (due to the 
ease of ring-opening metathesis of a highly strained oxabicycle), the Ru-thiolate performs 
similarly to the Ru-phenoxide. However, Ru-phenoxide and Ru-thiolate generate 
significantly less homodimer/oligomer of the oxabicycle than does Ru-dichloride 1.82.  
The similar reactivity of Ru-biphenylthiolate 1.81 vs Ru-biphenoxide 1.79 in 
ROCM may in part be due to the lack of phenyl substitution on the backbone of the NHC 
moiety of 1.79. In order to access the enantiomerically pure chiral variant of 1.79, we 
envision beginning the synthesis with a previously reported Suzuki-Miyaura cross-
coupling of 2-bromophenylboronic acid and 2-iodoaniline, delivering 2-(2’-
bromophenyl)aniline 1.85 (Figure 1.22).36 Aniline 1.85 will then be converted to a 
biphenyldiazonium salt, which will be reacted in situ with triisopropylsilanethiol 1.86, 
providing biphenyl sulfide 1.87. Sulfide 1.87 will then be subjected to Buchwald-Hartwig 
                                                          
(36) Pan, X.; Wilcox, C. S. J. Org. Chem. 2010, 75, 6445-6451.  
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C-N coupling with (S,S)-N-mesityl-1,2-diphenylethylenediamine, furnishing diamine 
1.88; diamine 1.88 will then be deprotected by treatment with tetrabutylammonium 
fluoride, and the resulting diamine 1.89 will be subjected to similar cyclization conditions 
as were used to access imidazolinium salt 1.89. Imidazolinium salt 1.90 could then be 
installed on Ru, and the resulting complex could again be evaluated for both its reactivity 
and enantioselectivity.         
 In addition to substitution of the biphenyl substituted anionic ligand on Ru-
complex 1.79, we examined substitution of the iodide ligand on complex 1.79 with a 
variety of anionic ligands, including thiophenoxide (-SPh, complex 1.92), p-
toluenesulfonate (-OTs, complex 1.93), and 2,2,2-trimethylacetate (-OPiv, complex 1.94, 
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Figure 1.23).37 Complexes 1.92-1.94 are accessed by simple treatment of Ru-complex 
1.79 with AgOPiv or AgOTs in benzene (for complexes 1.94 and 1.93 respectively), and 
KSPh in THF (for complex 1.92). Although these complexes have not yet been 
thoroughly evaluated, complex 1.92 was compared with complex 1.79 in the RCM of 
triene 1.95 following pre-treatment of the catalyst with cyclopropene 1.97 (to initiate both 
complexes). With 5 mol % complex 1.79, pyran 1.96 was produced in >98% conv, >98% 
yield, and 56:44 er; remarkably, with 10 mol % complex 1.92, pyran 1.96 was obtained in 
13% conv and 96:4 er. Although 1.92 is much less reactive than the corresponding iodide 
complex, the -SPh moiety is clearly critical to promoting the reaction in high 
enantioselectivity. In addition, 3 mol % complex 1.93 was found to provide >98% conv 
of triene 1.98 to homodimer 1.99 (59:41 E:Z) when heated to 50 ºC in the absence of 
solvent; 5 mol % Ru-complex 1.79, however, provides <2% conv to either the desired 
RCM product 1.100, or homodimer 1.99. When complex 1.79 is pre-initiated with 
cyclopropene 1.97 and then treated with triene 1.98, an apparent olefin complex (1.101) 
is observed; attempts to drive the reaction by heating complex 1.101 in benzene, as well 
as attempts to isolate complex 1.101 all led to decomposition. In light of these 
preliminary results, there is great promise in obtaining Ru-catalysts capable of promoting 
highly efficient, enantioselective olefin metathesis reactions simply by exchanging the 
anionic ligand of our existing catalyst scaffold.     
 
                                                          
(37) Ru-sulfonates and carboxylates of bidentate Ru-complexes have been previously reported, see: (a) 
Jović, M.; Torker, S.; Chen, P. Organometallics, 2011, 30, 3971-3980; (b) Endo, K.; Grubbs, R. H. J. Am. 
Chem. Soc. 2012, 133, 8525. For monodentate Ru-sulfonates and phosphates, see: Teo, P.; Grubbs, R. H. 
Organometallics 2010, 29, 6045-6050. 
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1.3 Synthesis and Reactivity of Re- and Ru-Aryloxides 
Although recently developed Mo- and W-mono-aryloxide/mono-pyrrolide 
catalysts (such as complex 1.30, see Figure 1.6 above) promote efficient and 
stereoselective metathesis reactions, certain olefinic substrates (particularly those bearing 
an allylic leaving group) appear to be incompatible with these metal complexes. For 
example, vinylepoxides (e.g. 1.102, Figure 1.24) do not undergo cross-metathesis with 
any simple, aliphatic olefins (such as 1-decene) but instead lead to complete 
decomposition of Mo and W carbenes. In sharp contrast to high oxidation state catalysts, 
Ru carbenes have been shown to promote cross-metathesis of vinylepoxides in moderate 
yield and selectivity (in favor of the E-isomer, Figure 1.24).38 We hypothesized that the 
imido group present in Mo- and W-complexes strongly polarizes the metal center, 
leading to a carbene with strong triplet (nucleophilic) character. A high-oxidation state 
metal complex with a less polarizing ligand (such as Re alkylidene/alkylidyne complex 
                                                          
(38) Chatterjee, A. K.; Morgan, J. P.; Scholl, M.; Grubbs, R. H. J. Am. Chem. Soc. 2000, 122, 3783-3784.  
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1.103, previously reported by Schrock et al.)39 would reduce the nucleophilicity of the 
carbene, and might be capable of promoting efficient cross-metathesis of vinylepoxides 
and bromohydrins.  
High oxidation state Re complexes have been shown to be competent olefin 
metathesis catalysts, reacting with a variety of olefins including ethylvinyl ether, 
phenylvinyl sulfide, N-vinylpyrrolidinone, and cis-3-hexene.40 Re complexes, such as 
1.104, were estimated to undergo metathesis two orders of magnitude slower than Mo- or 
W-based catalysts (Figure 1.25).41 Additionally, Re complexes were found to undergo a 
number of decomposition pathways during the course of metathesis: (1) bimolecular 
decomposition, providing complexes such as 1.105, and (2) a reversible [3+2] 
cycloaddition with ethylene, providing complex 1.106 (Figure 1.25).42 While bimolecular 
decomposition is a known decomposition pathway for both Mo and W catalysts, 
formation of 1.106 is a unique pathway that occurs due to the presence of the alkylidyne. 
Ethylene, however, is the only olefin known to be capable of reacting with the alkylidyne 
moiety; no scrambling of the alkylidyne and alkylidene R groups has otherwise been 
observed.43  
Re catalyst 1.103 is accessed through a straightforward synthesis in five steps 
from commercially available ammonium perrhenate (Figure 1.26).39 Ammonium  
                                                          
(39) Toreki, R.; Schrock, R. R.; Davis, W. M. J. Am. Chem. Soc. 1992, 114, 3367-3380. 
(40) Toreki, R.; Vaughan, G. A.; Schrock, R. R.; Davis, W. M. J. Am. Chem. Soc. 1993, 115, 127-137.  
(41) LaPointe, A. M.; Schrock, R. R. Organometallics, 1995, 14, 1875-1884.  
(42) Complexes 1.105 was characterized by X-ray crystallography, see ref 25; complex 1.106 was 
characterized spectroscopically, see: Vaughan, G. A.; Toreki, R.; Schrock, R. R.; Davis, W. M. J. Am. 
Chem. Soc. 1993, 115, 2980-2981.  
(43) Toreki, R.; Schrock, R. R. J. Am. Chem. Soc. 1990, 112, 2448-2449. 
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perrhenate reacts with 2,6-dimethylaniline in the presence of pyridine and Me3SiCl to 
form bis-imido Re complex 1.107 in 83% yield. Complex 1.107 is then reacted with an 
excess of neophyllmagnesium chloride to generate alkyl/alkylidene Re complex 1.108, 
which is then exposed to air and wet neutral alumina to afford dioxo-Re complex 1.109 
in 82% yield over two steps. Complex 1.109 is then converted into the oligomeric 
dichloroalkylidyne/alkylidene Re complex 1.110 in 85% yield by treatment with aqueous 
HCl in dme. Complex 1.110 is then readily converted into complex 1.104 by addition of 
two equivalents of LiOt-Bu. Upon synthesizing authentic complex 1.110 (following the 
route described in Figure 1.26), we found that there are two alkylidene proton signals in 
the 400 MHz 1H NMR spectrum (in C6D6) for complex 1.110:  15.17 ppm (major) and  
15.11 ppm (minor). These values suggest that complex 1.110 has more electrophilic 
character (i.e. is electronically similar to Ru carbenes) than Mo- and W-based catalysts, 
and this chemical shift is consistent with the observation that Re-complexes bearing an 
alkylidene are stable to air, water, and strong acid.  
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These observations led us to attempt to synthesize a Re-bis-pyrrolide complex 
through a procedure analogous to Mo- and W-bis-pyrrolide synthesis. Complex 1.110 
was reacted with two equivalents of lithium 2,5-dimethylpyrrolide suspended in diethyl 
ether, which, following removal of the LiCl salts by filtration, afforded Re-bis-pyrrolide 
complex 1.111 as a dark brown oil (Figure 1.27). It is not surprising that complex 1.111 
is an oil given that complexes 1.108-1.110 are all oils, however due to the inability to 
easily purify the precursors, it was difficult to determine the purity (and therefore yield) 
of Re complex 1.111. The 400 MHz 1H NMR spectrum (in C6D6) of complex 1.111 
contained a sharp singlet at  13.52 ppm, consistent with the chemical shifts for Mo 
alkylidenes (e.g. the pyrrolide precursor for complex 1.30 (Figure 1.6) occurs at  13.30 
ppm).44 The identity of complex 1.111 was further confirmed by high resolution mass 
spectrometry (m/z = 637.2735, calculated value: 637.2718), and remarkably the complex 
was found to be stable for at least one hour in wet, benchtop CDCl3. This latter 
observation suggests that although the chemical shift of the alkylidene is similar to 
related Mo complexes, the alkylidene is less hydrolytically sensitive, and may therefore 
have more electrophilic character. 
Complex 1.111 was treated with approximately one equivalent of alcohol 1.112 in 
C6D6 and the sample was monitored by 400 MHz 
1H NMR (Figure 1.28). The alkylidene 
was found to be intact even after 24 hours, and the sample was then heated for an 
additional 24 hours at 50 °C. We found that heating at 50 °C produced ~25% conv of the 
                                                          
(44) Singh, R.; Czekelius, C.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. Organometallics, 2007, 26, 2528-
2539.  
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bis-pyrrolide to two new alkylidenes:  12.73 ppm (major, complex 1.113) and  12.08 
ppm (minor, complex 1.114). When approximately 10 equivalents of alcohol 1.112 was 
added to complex 1.111 in C6H6, and the sample was concentrated to a neat oil and then 
heated to 80 °C for 24 h, >98% conv of the bis-pyrrolide was observed, and a single 
alkylidene (putative complex 1.113) was observed in solution (the 1H NMR chemical 
shift was  12.77 ppm). This alkylidene was then subjected to several different 
combinations of olefins: first, vinyl(pinacolato)boron (1.115) and allyl(tert-
butyldimethylsilyl)ether (1.116) 
were found not react to any 
appreciable extent (the alkylidene 
remained unreacted). Second, 
oxabicycle 1.84 did not provide any product in the presence of n-butylvinyl ether, 
although the alkylidene was completely consumed. In the presence of styrene and 
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oxabicycle 1.84, however, Re complex 1.113 promoted a highly E-selective (95:5 E:Z) 
ROCM to afford pyran 1.117, albeit in low yield (32% yield). The low reactivity and E-
selective ROCM, in combination with using such a large excess of alcohol 1.112 led us to 
propose that complex 1.113 is a Re-bis-aryloxide. It is important to note that the minor 
alkylidene observed at  12.08 ppm (upon heating to 50 °C with 1 equiv alcohol 1.112) is 
likely the desired mono-aryloxide/mono-pyrrolide complex. Finally, we were able to 
obtain high purity 1.111 by converting Re-complex 1.110 to the corresponding pyridyl 
adduct 1.118, which was then converted to the bis-pyrrolide under the conditions 
described above, affording 1.111 in  83% yield (Figure 1.29). Research is ongoing to 
obtain an X-ray crystal structure of complex 1.111 and to carefully study the alcoholysis 
reaction to obtain clean mono-aryloxide/mono-pyrrolide. In addition, we will attempt to 
synthesize a Re complex containing 2,6-dimethylbenzylidene/benzylidyne groups 
(complex 1.36, Figure 
1.29). The presence of 
aromatic substituted 
alkylidyne and alkylidene 
groups should 
dramatically increase the 
Lewis-acidity of the Re 
complex, thereby 
increasing reactivity. This 
may produce an alkylidene that is more nucleophilic than complex 1.114, however, it is 
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possible that the nucleophilicity of the alkylidene can be modulated by substituting 
different electro-donating/electron-withdrawing groups on the alkylidyne. Re catalysts 
thus offer a new avenue for olefin metathesis catalyst development, and may afford 
unique functional group compatibility and reactivity profiles that can be explored in 
stereoselective olefin metathesis.  
 In addition to high oxidation state Re-mono-aryloxides, we also explored whether 
Ru-alkoxides could be utilized to form complexes with a similar steric environment to the 
Mo- and W-mono-aryloxide/mono-pyrrolide catalysts. Towards this end, we synthesized 
Ru-bis-tert-butoxide 1.50 and 1.120 by treating the corresponding Ru-dichlorides with 
KOt-Bu in C6H6 (Figure 1.30). Upon treatment of these complexes with alcohol 1.112, 
alcoholysis was observed to provide Ru-mono-alkoxide/mono-aryloxides 1.121 and 
1.122; however, both complexes contained small amounts of Ru-dichloride, presumably 
from the presence of KCl contaminants. Complex 1.50 was recrystallized, and the 
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resulting dark brown crystalline solid was dissolved in benzene and again subjected to 
alcoholysis, providing complex 1.121 as a single carbene (the 400 MHz 1H NMR 
spectrum contained a broad singlet at  16.9 ppm; complex 1.122 occurs as a singlet at  
18.2 ppm). Carbene 1.121 was  tested for metathesis activity by reacting 18 mol % 1.121 
with oxabicycle 1.84 in the presence of 10 equiv styrene. After 48 h at 22 °C, >98% conv 
of 1.84 was observed, and pyran 1.117 was obtained in 65% yield, 89:11 E:Z, and 54:46 
er. This observation was suprising given the low reactivity observed for Ru-bis-alkoxides 
by Sanford and co-workers,25 and these catalysts are therefore a whole new avenue to 
explore in our pursuit of stereoselective olefin metathesis catalysts.  
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1.4 Experimentals 
General. Infrared (IR) spectra were recorded on a Bruker FTIR Alpha (ATR 
Mode) spectrometer, max in cm
-1. Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 
400 (400 MHz), or 500 (500 MHz) spectrometers. Chemical shifts are reported in ppm 
from tetramethylsilane with the solvent resonance resulting from incomplete deuteration 
as the internal reference (CDCl3: δ 7.26, C6D6: δ 7.16). Data are reported as follows: 
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, br = broad, m 
= multiplet, app = apparent), and coupling constants (Hz). 13C NMR spectra were 
recorded on Varian Unity INOVA 400 (100 MHz) or 500 (125 MHz) spectrometers with 
complete proton decoupling. Chemical shifts are reported in ppm from tetramethylsilane 
with the solvent resonance resulting from incomplete deuteration as the internal reference 
(CDCl3: δ 77.16, C6D6: δ 128.06). 
31P NMR spectra were recorded on Varian Unity 
INOVA 400 (100 MHz) or 500 (125 MHz) spectrometers. Chemical shifts are reported in 
ppm from a H3PO4 external reference standard. High-resolution mass spectrometry was 
performed on a Micromass LCT ESI-MS (positive mode) at the Boston College Mass 
Spectrometry Facility.  
Materials. All reactions were carried out in oven-dried (135 °C) or flame-dried 
glassware under an inert atmosphere of dry N2 unless otherwise stated. Solvents were 
purged with argon and purified under a positive pressure of dry argon by a modified 
Innovative Technologies purification system: diethyl ether (Aldrich), and 
dichloromethane (Aldrich) were passed through activated alumina columns; benzene 
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(Aldrich), and n-pentane (J. T. Baker) were passed successively through activated Cu and 
alumina columns. n-Pentane was allowed to stir over concentrated H2SO4 for three days, 
washed with water, followed by a saturated aqueous solution of NaHCO3, dried over 
MgSO4, and filtered before use in a solvent purification system. Tetrahydrofuran 
(Aldrich) was distilled from sodium benzophenone ketyl. Ethanol (Aldrich) was distilled 
from Mg/I2. N,N-Dimethylformamide (Acros; extra dry with molecular sieves) was used 
as received.  
acetic anhydride was purchased from Aldrich and used as received. 
2-aminophenylboronic acid pinacol ester (1.71) was purchased from Aldrich and used 
as received. 
ammonia was purchased from Airgas and used as received. 
silver(I) oxide was prepared by combining 10 mL 1.0M AgNO3(aq) and 20 mL 2.0 M 
NaOH(aq); the resulting dark brown precipitate is collected by filtration and washed in 
200 mL H2O, followed by 200 mL ethanol, followed by 500 mL acetone. The resulting 
brown powder is air dried for 20 min and is then transferred to a vial and trace moisture is 
removed under high vacuum for three days in the dark. 
d6-benzene was purchased from Cambridge Isotope Labs and distilled over sodium onto 
4 Å molecular sieves prior to use.  
benzyl bromide was purchased from Aldrich and used as received. 
2-bromothiophenol was purchased from Aldrich and used as received. 
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tert-butanol was purchased from Aldrich and used as received. 
n-butyllithium was purchased from Strem and titrated before use with 1,10-
phenanthroline/sec-butanol in benzene. 
2,6-dibromoaniline purchased from Aldrich and used as received. 
1,2-dichloroethane was purchased from Acros (anhydrous) and used as received. 
diisopropylamine was purchased from Aldrich and distilled over CaH2 prior to use. 
2,5-dimethylpyrrole was purchased from Aldrich and distilled over CaH2 prior to use. 
formic acid was purchased from Aldrich and used as received. 
hexafluoro-tert-butoxide was purchased from Aldrich and distilled onto 4 Å molecular 
sieves prior to use.  
hydrochloric acid (4.0 M in dioxane) was purchased from Aldrich and used as received. 
lithium 2,5-dimethylpyrrolide was prepared by addition of one equiv n-butyllithium to 
an ethereal solution of 2,5-dimethylpyrrole at -78 °C. The solution warmed to 22 °C, and 
the white precipitate was collected by filtration under an inert atmosphere. 
molecular sieves (4 Å) were purchased from Fischer Scientific and dried for 24 h in an 
oven at 150 °C prior to use.  
palladium tetrakis(triphenylphosphine) purchased from Strem and used as received. 
phosphorous oxychloride was purchased from Aldrich and used as received. 
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potassium tert-butoxide was purchased from Strem and used as received. 
potassium carbonate was purchased from Fischer Scientific and used as received. 
potassium hexamethyldisilazide was purchased from Aldrich and used as received. 
potassium thiophenolate was prepared by treatment of thiophenol with one equiv 
potassium hexamethyldisilazide in anhydrous tetrahydofuran; the resulting white 
precipitate was collected by filtration, dried under high vacuum for 24 hours prior to use. 
silver(I) carbonate was purchased from Aldrich and used as received. 
silver(I) chloride was purchased from Aldrich and used as received. 
silver(I) 2,2,2-trimethylacetate was prepared according to a literature procedure.45 
silver(I) p-toluenesulfonate was prepared by adding one equiv silver acetate to a 
methanolic solution (0.3 M) of p-toluenesulfonic acid. After stirring for 2 h, the white 
precipitate is collected by filtration, dried under high vacuum for 24 hours prior to use. 
sodium was purchased from Strem and used as received.  
sodium carbonate was purchased from Aldrich and used as received. 
sodium triacetoxyborohydride was purchased from Aldrich and used as received. 
ruthenium complexes 1.27, 1.49, and 1.82 were provided by Materia, Inc. Complex 1.27 
was used as received; complexes 1.49 and 1.82 were purified by silica gel 
                                                          
(45) Stromnova, T. A.; Paschenko, D. V.; Boganova, L. I.; Daineko, M. V.; Katser, S. B.; Churakov, A. V.; 
Kuz’mina, L. G.; Howard, J. A. K. Inorg. Chim. Acta 2003, 350, 283-288.  
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chromatography (1:1 pentane:CH2Cl2 eluent) and recrystallized (100:1 pentane:CH2Cl2, -
20 °C) prior to use. 
thiophenol was purchased from Aldrich and used as received. 
triethylorthoformate was purchased from Aldrich and distilled over sodium prior to use. 
2,4,6-trimethylphenylboronic acid was prepared according to a literature procedure.46 
2,6-dimesitylaniline (A): Aniline A was synthesized following a modified literature 
procedure.47 A 250 mL round bottom flask equipped with stirbar and reflux condenser 
was charged with 2,4,6-trimethylphenylboronic acid (737 mg, 4.49 mmol, 3.0 equiv), 
2,6-dibromoaniline (374 mg, 1.49 mmol, 1 equiv), and 
tetrakis(triphenylphosphine)palladium(0) (580 mg, 0.502 mmol, 33 mol %). Toluene (20 
mL) was added, followed by ethanol (6 mL) and 12 mL 1.9 M Na2CO3(aq). The resulting 
biphasic mixture was heated to 80 °C as it stirred vigorously for 72 h. Mixture was 
allowed to cool to room temperature, poured in to deionized water, extracted in EtOAc (5 
x 50 mL). Organic layers were pooled, dried with MgSO4, filtered, concentrated in vacuo. 
Analysis of the 400 MHz 1H NMR spectrum of the unpurified mixture revealed complete 
consumption of aniline and boronic acid, and a mixture of 28% 2-bromo-6-mesitylaniline 
and 72% 2,6-dimesitylaniline. Product was purified through the use of silica gel 
                                                          
(46) Morgan, J.; Pinhey, J. J. Chem. Soc. Perkin Trans. 1, 1990, 715-720. 
(47) Tanabiki, M.; Tsuchiya, K.; Kumanomido, Y.; Matsubara, K.; Motoyama, Y.; Nagashima, H. 
Organometallics, 2004, 23, 3976-3981. 
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chromatography (2.5% ethyl acetate in hexanes eluent, Rf = 0.85 in 10% 
EtOAc/hexanes), delivering 212 mg (0.64 mmol, 43% yield) of A as a white crystalline 
solid. Spectral properties were identical to those reported in the literature (m.p. = 142-145 
°C; lit. m.p. = 144-152 °C).48 
N-(2,6-dimesitylphenyl)formamide (B): Formamide B was synthesized following a 
modified literature procedure.49 An oven-dried 1 dram vail equipped with stirbar was 
charged with formic acid (0.70 mL, 1.8 mmol, 3.2 equiv) and acetic anhydride (0.70 mL, 
0.72 mmol, 1.3 equiv), the vial was sealed and the mixture stirred for 1 hour. A separate 
oven-dried 10 mL round bottom flask equipped with stirbar and reflux condenser was 
charged with aniline A (183 mg, 0.555 mmol, 1 equiv), and this was dissolved in 1 mL 
anhydrous CH2Cl2, and the resulting mixture was cooled to 0 °C on an ice bath. Mixed 
anhydride solution was transferred dropwise by syringe to the aniline solution with 
vigorous stirring, and the mixture was allowed to warm to room temperature as it stirred 
for 24 h. The mixture was then refluxed for 4 h, cooled to 22 °C, then concentrated in 
vacuo. The resulting residue was dissolved in 10 mL CHCl3, washed with saturated 
aqueous NaHCO3 (3 x 10 mL), washed witn 10 mL deionized water, dried over Na2SO4, 
filtered, concentrated in vacuo. Crude material was recrystallized from Et2O/CH2Cl2 at -
                                                          
(48) Gavenonis, J.; Tilley, T. D. J. Am. Chem. Soc. 2002, 124, 8536-8537. 
(49) Kamer, P. C. J.; Nolte, R. J. M.; Drenth, W. J. Am. Chem. Soc. 1988, 110, 6818-6825.  
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20 °C, delivering formamide B (111 mg, 0.311 mmol, 56% yield) as a white crystalline 
solid. Spectral properties were identical to those reported in the literature.50  
2,6-dimesitylisocyanide (1.43): Isocyanide 1.43 was synthesized from formamide B 
according to a literature procedure.50 Spectral properties were identical to those reported 
in the literature (IR: 2120 cm-1 (lit. IR: 2118 cm-1).50 
2,6-dimesitylphenylisocyano(2-isopropylbenzylidene)ruthenium(II)-bis-tert-butoxide 
(1.48): An oven-dried 1 dram vial equipped with stirbar was charged with Ru-
isopropoxybenzylidene 1.49 (19.1 mg, 0.032 mmol) and KOt-Bu (8.0 mg, 0.071 mmol, 
2.2 equiv) in 660 L C6D6. The resulting dark brown solution was stirred for 1 h at 22 °C. 
A separate oven-dried 1 dram vial equipped with a stirbar was charged with isocyanide 
1.43 (15.0 mg, 0.044 mmol, 1.4 equiv). The solution of Ru-bis-alkoxide was then 
transferred to the vial containing the isocyanide, and the resulting mixture stirred for 5 
min at 22 °C. The solution clarified and became bright orange-red in color. Analysis of 
the 400 MHz 1H NMR spectrum revealed >98% conv of A and the presence of a new 
Ru-carbene complex 1.48; complex 1.48 decomposes rapidly when exposed to air and 
                                                          
(50) Fox, B. J.; Sun, Q. Y.; DiPasquale, A. G.; Fox, A. R. Rheingold, A. L.; Figueroa, J. S. Inorg. Chem. 
2008, 47, 9010-9020. 
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was not isolated (catalyst was formed in situ and used as a solution in C6D6). Attempts 
were made to purify the complex by recrystallization, however the complex is highly 
soluble in pentane and hexanes and did not precipitate even at -60 °C. Spectral data are 
for in situ mixture containing 0.4 equiv isocyanide 1.43 and 1 equiv PCy3. 
1H NMR (400 
MHz, C6D6):  12.60 (1H, s), 7.23 (1H, dd, J = 7.0 , 2.2 Hz), 6.94 (overlapping with 
isocyanide 1.43, 7 H, m), 6.85 (1.43, 2H, m), 6.53 (1H, d, J = 7.6 Hz),  4.77 (1H, m), 
2.31 (6H, s), 2.20 (12H, s), 2.17 (6H, s, isocyanide 1.43), 2.05 (12H, s, isocyanide 1.43), 
1.89 (5H, m, PCy3), 1.73 (3H, m, PCy3), 1.65 (10H, m, PCy3),  1.27 (15H, m, PCy3), 1.12 
(18H, s); 13C NMR (100 MHz, C6D6): 171.1, 170.6, 153.9, 142.0, 140.2, 138.9, 138.2, 
137.9, 137.0, 136.5, 136.0, 135.1, 130.4, 129.8, 129.7, 129.2, 127.2, 126.3, 122.1, 121.9, 
112.4, 75.3, 73.9, 38.0, 34.2, 32.7, 32.5, 32.1, 32.0, 28.4, 27.3, 21.7, 21.5, 21.4, 20.6; 31P 
NMR (162 MHz, C6D6):  10.46 (free PCy3). 
2,6-dimesitylphenylisocyano(tricyclohexyphosphine)ruthenium(II)benzylidene-bis-
hexafluoro-tert-butoxide (1.51): An oven-dried 1 dram vial equipped with stirbar was 
charged with Ru-carbene 1.27 (20.1 mg, 0.0244 mmol) and KOt-Bu (6.0 mg, 0.054 
mmol, 2.2 equiv) in 500 L C6D6. The resulting dark brown solution was stirred for 20 
min at 22 °C (formed a dark red solution). Hexafluoro-tert-butanol (11.1 mg, 0.061 
mmol, 2.5 equiv) was added and the mixture was allowed to stir for 5 min (solution 
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turned from dark red to red-purple in color). A separate oven-dried 1 dram vial equipped 
with a stirbar was charged with isocyanide 1.43 (11.6 mg, 0.034 mmol, 1.4 equiv). The 
solution of Ru-bis-hexafluoro-tert-butoxide was then transferred to the vial containing the 
isocyanide, and the resulting mixture stirred for 5 min at 22 °C. The solution clarified and 
became bright orange-red in color. Analysis of the 400 MHz 1H NMR spectrum revealed 
>98% conv of 1.27 and the presence of a several new Ru-carbenes. 1H NMR (400 MHz, 
C6D6): 20.5 (1H, s, 51% conv), 18.9 (1H, d, J = 16 Hz, 3% conv), 18.6 (1H, d, J = 14.8 
Hz, 11% conv), 16.6 (1H, s, 25% conv), 16.5 (1H, br s, 9% conv). 19F NMR (376 MHz, 
C6D6):  -75.7, -76.1, -77.2, -78.0, -79.8; 
benzyl(2-bromophenyl)sulfane (1.70): A 100 mL round bottom flask equipped with a 
stirbar was charged with K2CO3 (10.7 g, 78 mmol, 2.1 equiv), and 30 mL DMF was 
added. 2-Bromothiophenol (5.0 mL, 38 mmol, 1 equiv) was added, followed by benzyl 
bromide (6.0 mL, 50 mmol, 1.3 equiv), and the mixture was allowed to stir for 18 h at 22 
°C. The reaction was quenched with deionized water, washed with hexanes (5 x 20 mL), 
the organic layers were pooled, washed with brine, dried with MgSO4, filtered, and 
concentrated in vacuo. The resulting white solid was purified by silica gel 
chromatography (hexanes eluent), affording 5.5 g (20 mmol, 75% yield) sulfide 1.70 as a 
white crystalline solid (m.p. = 55-64 °C). 1H NMR (400 MHz, CDCl3):  7.55 (1H, d, J = 
7.2 Hz), 7.37-7.21 (7H, m), 7.13-6.97 (1H, m), 4.16 (2H, s); 
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2'-(benzylthio)-[1,1'-biphenyl]-2-amine (1.72): A 100 mL round bottom flask equipped 
with a stirbar and reflux condenser was charged 
with sulfide 1.70 (3.21 g, 11.5 mmol, 1.5 equiv), 
boronate 1.71 (1.68 g, 7.67 mmol, 1 equiv), and 
palladium tetrakis(triphenylphosphine) (1.34 g, 1.15 mmol, 15 mol %). Toluene (34 mL) 
was added, followed by ethanol (10 mL), followed by aqueous Na2CO3 (1.9 M, 20 mL), 
and the mixture was heated at 80 °C as it was allowed to stir vigorously for 24 h. The 
reaction was quenched in deionized water, washed with EtOAc (5 x 20 mL), the organic 
layers were pooled, washed with brine, dried with MgSO4, filtered, and concentrated in 
vacuo. The resulting red oil was purified by silica gel chromatography (10% 
EtOAc/hexanes eluent), and the resulting yellow oil was further purified by precipitation 
in Et2O affording 1.93 g (6.63 mmol, 87% yield) amine 1.72 as a beige crystalline solid 
(m.p. = 114-116 °C). The product can be further purified by recrystallization from boiling 
methanol, providing a white crystalline solid (m.p. = 120-124 °C). IR (ATR): 3651 (w), 
3460 (w), 3367 (w), 3192 (w), 3055 (w), 2922 (w), 2848 (w), 2617 (w), 2319 (w), 1901 
(w), 1804 (w), 1686 (w), 1613 (m), 1581 (w), 1494 (m), 1461 (m), 1451 (m), 1428 (m), 
1296 (w), 1263 (w), 1235 (w), 1199 (w), 1156 (w), 1141 (w), 1070 (w), 1036 (w), 1003 
(w), 935 (w), 917 (w), 855 (w), 834 (w), 738 (s), 695 (s), 481 (m), 411 (w); 1H NMR 
(400 MHz, CDCl3):  7.41 (1H, d, J = 7.6 Hz), 7.33-7.19 (9H, m), 7.02 (1H, dd, J = 7.6, 
1.2 Hz), 6.85-6.77 (2H, m), 4.03 (2H, s), 3.49 (2H, s); 13C NMR (100 MHz, CDCl3): 


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tert-butyl-(2-((2'-(benzylthio)-[1,1'-biphenyl]-2-yl)amino)ethyl)(mesityl)carbamate 
(1.74): An oven-dried 250 mL round bottom flask equipped with a stirbar was charged 
with amine 1.72 (1.93 g, 6.63 mmol) and NaHB(OAc)3 (2.8 g, 13 mmol, 2.0 equiv). DCE 
(30 mL) was added and mixture was allowed to stir vigorously at 22 °C. Aldehyde 1.7351 
(2.0 g, 7.3 mmol, 1.1 equiv) was dissolved in 30 mL DCE in a separate vial, solution was 
brought up into a syringe and was added slowly over 4 h by syringe pump. The amine 
solution was pink and turned red-brown upon addition of the aldehyde. Followed syringe 
pump addition, the mixture was allowed to stir for an additional 18 h. The reaction was 
quenched in deionized water, washed with CH2Cl2 (5 x 20 mL), the organic layers were 
pooled, washed with saturated aqueous NaHSO3, water, brine, dried with MgSO4, 
filtered, and concentrated in vacuo. The resulting dark brown foaming solid was purified 
by silica gel chromatography (5% EtOAc/hexanes), providing 2.92 g (5.29 mmol, 80% 
yield) diamine 1.74 as an off-white foaming solid. 1H NMR (400 MHz, C6D6): 
1H, d, J = 7.6 Hz7.26-7.20 (9H, m), 6.95 (1H, d, J = 7.6 Hz), 6.79-6.68 (4H, 
m), 3.96 (2H, s), 3.60-3.47 (2H, m), 3.33-3.23 (2H, m), 2.26 (3H, s), 2.11 (3H, s), 2.08 
(3H, s), 1.26 (9H, s); 
                                                          
(51) For synthesis of aldehyde 1.73, see ref 34a.  
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tert-butyl-(2-((2'-mercapto-[1,1'-biphenyl]-2-yl)amino)ethyl)(mesityl)carbamate      
(1.75): An oven-dried two-neck 100 mL round bottom flask equipped with a stirbar and 
oven-dried Dewar condenser, the Dewar was filled with dry ice and acetone, the flask 
was cooled to -78 °C in a dry ice/acetone bath, and ammonia was condensed 
(approximately 10 mL). The system was purged with nitrogen, and sodium (888 mg, 38.6 
mmol, 7.27 equiv) was added to the flask, the ammonia turned dark blue. Sulfide 1.74 
was dissolved in 2.2 mL t-BuOH and 30 mL Et2O, and the resulting solution was added 
dropwise by syringe over 5 min. the mixture stirred for an additional 15 min at -78 °C 
and the reaction was then quenched by addition of solid NH4Cl (until blue color 
disappears), mixture was then allowed to warm to 22 °C. EtOAc (20 mL) was added as 
the ammonia boiled away, followed by water (20 mL) and the layers were separated. The 
aqueous layer was washed with EtOAc (4 x 20 mL), the organic layers were pooled, 
washed with brine, dried with MgSO4, filtered, and concentrated in vacuo. The resulting 
yellow oil was purified by silica gel chromatography, affording 2.24 g (4.84 mmol, 91% 
yield) of thiol 1.75 as an off-white foaming solid. 1H NMR (400 MHz, C6D6): 
(1H, d, J = 8.4 Hz), 7.18-7.07 (4H, m), 6.98 (1H, d, J = 6.8 Hz), 6.76-6.58 (4H, 
m), 3.95 (1H, app t, J = 5.2 Hz), 3.56-3.45 (2H, m), 3.20-3.15 (2H, m), 2.17 (3H, s), 2.00 
(6H, s), 1.17 (9H, s);
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2'-(3-mesitylimidazolidin-1-yl)-[1,1'-biphenyl]-2-thiol, chloride salt (1.69): An oven-
dried 100 mL round bottom flask equipped with stibar was charged with 2.24 g (4.84 
mmol, 1 equiv) thiol 1.75, system was purged under nitrogen, and anhydrous CH2Cl2 (25 
mL) was added. The mixture was cooled to 0 °C, and 18.2 mL HCl/dioxane (4.0 M, 72.6 
mmol, 15 equiv) was added dropwise by syringe. The mixture warmed to 22 °C as it was 
allowed to stir for 1 h, at which point solvent was purged away under a stream of 
nitrogen. Trace solvent was removed under high vacuum, affording a white crystalline 
solid. 400 MHz 1H NMR analysis revealed >98% conv of thiol 1.75 to Boc-deprotected 
diammonium salt. The flask was fitted with an oven-dried distillation apparatus, and 
CH(OEt)3 (16 mL, 60 mmol, 24 equiv) was added to the flask by syringe under N2. Flask 
was submerged in an oil bath heated to 110 °C, and the mixture was stirred vigorously for 
6 h. During the course of the reaction, white solids precipitated from solution and ethanol 
was distilled off from the mixture. A heat gun was used to heat the distillation apparatus 
periodically to assist removal of ethanol. After 6 h, the mixture was allowed to cool to 22 
°C, diluted in anhydrous Et2O, and the resulting white precipitate was collected by 
filtration, affording 825 mg (2.01 mmol, 64% yield over 2 steps) of imidazolinium salt 
1.69 as a beige crystalline solid (m.p. = 220 °C (dec)). IR (ATR): 2967 (w), 2914 (w), 
2165 (w), 1621 (s), 1572 (w), 1484 (w), 1460 (w), 1426 (w), 1377 (w), 1295 (w), 1277 
(m), 1254 (m), 1218 (w), 1198 (w), 1158 (w), 1120 (w), 1079 (w), 1035 (w), 1017 (w), 
1006 (w), 989 (w), 962 (w), 942 (w), 867 (w), 775 (m), 763 (w), 731 (w), 687 (w), 653 
(w), 618 (w), 583 (w), 563 (w), 530 (m), 505 (w), 491 (m), 452 (w), 415 (w); 1H NMR 
(400 MHz, C6D6): 8.23 (1H, d, J = 7.6 Hz), 7.97 (1H, s), 7.62-7.59 (2H, m), 7.50-7.47 
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(2H, m), 7.39-7.38 (1H, m), 7.30-7.27 (2H, m), 6.87 (2H, m), 4.83 (2H, br s), 4.30 (2H, 
br s), 3.46 (1H, br s), 2.24 (3H, s), 2.14 (6H, s); 13C NMR (100 MHz, CDCl3): 157.2, 
140.7, 140.6, 135.7, 135.4, 135.1, 133.7, 132.2, 131.5, 130.9, 130.8, 130.6, 130.2, 130.1, 
130.0, 129.9, 129.7, 129.6, 126.8, 126.7, 126.2, 53.0, 52.0, 26.4, 21.1, 18.0; HRMS: calcd 
for C24H25N2S: 373.1738, found: 373.1743.
silver(I)-2'-(3-mesitylimidazolidinyliden-1-yl)-[1,1'-biphenyl]-2-thiolate (1.76): 
Complex 1.76 was prepared following a modified literature procedure.34c An oven-dried 
25 mL round bottom flask equipped with stirbar and reflux condenser was charged with 
imidazolinium salt 1.69 (151 mg, 0.369 mmol, 1 equiv), Ag2O (194 mg, 0.837 mmol, 2.3 
equiv), and oven-dried 4 Å molecular sieves (2 mL) in the glovebox. The apparatus was 
sealed, removed from the box, and purged under N2. Benzene (10 mL) and THF (10 mL) 
were added, and light was excluded from the reaction mixture by wrapping the apparatus 
in aluminum foil. The mixture was heated to reflux for 4 h in the dark, after which the 
mixture was allowed to cool to 22 °C, filtered through celite, and the filter cake was 
washed with anhydrous THF (50 mL). The resulting solution was concentrated in vacuo 
in the dark, affording 43.4 mg (0.0902 mmol, 25 % yield) of Ag-complex 1.76 as a beige 
crystalline solid, and this material was used without purification.  
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2'-(3-mesitylimidazolidinyliden-1-yl)-[1,1'-biphenyl]-2-thiolate-(2”-isopropoxy-
benzylidene)triphenylphosphineruthenium(II) chloride (1.78): Complex 1.78 was 
prepared following a modified literature procedure.34c An oven-dried 20 mL vial 
equipped with stirbar and was charged with silver salt 1.76 (43.4 mg, 0.0902 mmol, 1.4 
equiv) and Ru-complex 1.77 (38 mg, 0.064 mmol, 1 equiv)
52 in the glovebox. THF (1 
mL) was added, and mixture was heated at 60 °C for 1 h. The solution became wine red 
in color and an orange precipitate formed. Mixture was cooled to 22 °C, concentrated in 
vacuo, the resulting brown residue was purified by silica gel chromatography (on a 
pipette column, CH2Cl2 eluent), providing a green powder. Attempts to grow X-ray 
quality crystals were unsuccessful. Carbene proton, 1H NMR (400 MHz, C6D6): 52 
(1H, d, JP-H = 7.6 Hz); 
31P NMR 162 MHz, C6D6):  ppm. 
2'-(3-mesitylimidazolidinyliden-1-yl)-[1,1'-biphenyl]-2-thiolate-(2”-isopropoxy-
benzylidene)ruthenium(II) chloride (1.80): Complex 1.80 was prepared following a 
modified literature procedure.34a An oven-dried 20 mL vial equipped with stirbar was 
charged with imidazolinium salt 1.69 (51 mg, 0.13 mmol, 1.6 equiv), Ru-complex 1.77 
(48 mg, 0.082 mmol, 1 equiv), and 186 mg (0.674 mmol, 8.22 equiv) Ag2CO3. Benzene 
(1.8 mL) and THF (1.8 mL) were added and the mixture was heated for 2 h at 80 °C. An 
                                                          
(52) Kingsbury, J. S.; Harrity, J. P. A.; Bonitatebus, Jr., P. J.; Hoveyda, A. H. J. Am. Chem. Soc. 1999, 121, 
791-799.  
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orange precipitate formed during the course of the reaction. The mixture was then cooled 
to 22 °C, concentrated in vacuo, and the resulting brown residue was purified by silica 
gel chromatography (pipette column, CH2Cl2 eluent) which afforded a brown-green 
powder. 1H NMR analysis revealed incomplete conversion of 1.77, the major component 
of the mixture is phosphine free complex 1.80. Carbene proton, 1H NMR (400 MHz, 
C6D6): (1H, s);
2'-(3-mesitylimidazolidinyliden-1-yl)-[1,1'-biphenyl]-2-thiolate-(2”-isopropoxy-3”-
phenylbenzylidene)ruthenium(II) chloride (1.81): Complex 1.81 was prepared 
following a modified literature procedure.34a An oven-dried 20 mL vial equipped with 
stirbar was charged with imidazolinium salt 1.69 (100 mg, 0.244 mmol, 2.00 equiv), Ru-
complex C (80.6 mg, 0.122 mmol, 1.00 equiv),34c and 270 mg Ag2CO3 (0.976 mmol, 8 
equiv). Benzene (3.5 mL) and THF (3.5 mL) were added and the mixture was heated for 
1 h at 80 °C. Mixture was cooled to 60 °C, and 450 mg AgCl (3.14 mmol, 25.7 equiv) 
was added, and the mixture was allowed to stir for an additional 4 h. The mixture was 
then cooled to 22 °C, concentrated in vacuo, and the resulting brown residue was purified 
by silica gel chromatography (pipette column, 1:1 pentane/CH2Cl2 eluent) which 
delivered 24.0 mg (0.033 mmol, 28% yield) of complex 1.81 as a dark brown powder.  
This complex can also be prepared following the procedure described for preparation of 
complex 1.78 (see above), with the addition of 2 equiv silver complex 1.76 (252 mg, 
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0.524 mmol), 1 equiv Ru-complex C (173 mg, 0.262 mmol), and 10 equiv AgCl (375 
mg, 2.62 mmol), affording complex 1.81 as an olive green powder (141 mg, 0.191 mmol, 
42% yield). Carbene proton, 1H NMR (400 MHz, C6D6): (1H, s);
2'-(3-mesitylimidazolidinyliden-1-yl)-[1,1'-biphenyl]-2-oxy-(2”-isopropoxy-3”-
phenylbenzylidene)ruthenium(II) thiophenolate (1.92): An oven-dried vial equipped 
with stibar was charged with 7.0 mg Ru-complex 1.79 (0.0073 mmol,  1 equiv) and 3.2 
mg KSPh (0.022 mmol, 3.0 equiv). THF (0.5 mL) was added and the resulting mixture 
was allowed to stir at 22 °C for 18 h. The mixture was concentrated in vacuo, dissolved 
in anhydrous pentane and filtered through celite, then concentrated again in vacuo, 
delivering 3.4 mg (0.0036 mmol, 70% yield) of complex 1.92 as a dark red solid. 
Carbene protons (syn and anti chelate, 87:13 syn:anti), 1H NMR (400 MHz, C6D6): 
1H, s, major)1H, s, minor
2'-(3-mesitylimidazolidinyliden-1-yl)-[1,1'-biphenyl]-2-oxy-(2”-isopropoxy-3”-
phenylbenzylidene)ruthenium(II) p-toluenesulfonate (1.93): An oven-dried vial 
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equipped with stibar was charged with 6.6 mg Ru-complex 1.79 (0.0069 mmol,  1 equiv) 
and 5.0 mg AgOTs (0.018 mmol, 2.6 equiv). C6D6 (0.5 mL) was added and the resulting 
mixture was allowed to stir at 22 °C for 1 h. 400 MHz 1H NMR analysis revealed >98%  
conv of complex 1.79 to carbene complex 1.93. Carbene proton, 1H NMR (400 MHz, 
C6D6): (1H, s); 
2'-(3-mesitylimidazolidinyliden-1-yl)-[1,1'-biphenyl]-2-oxy-(2”-isopropoxy-3”-
phenylbenzylidene)ruthenium(II) 2,2,2-trimethylacetate (1.94): An oven-dried vial 
equipped with stibar was charged with 4.4 mg Ru-complex 1.79 (0.0046 mmol,  1 equiv) 
and 2.8 mg AgOPiv (0.013 mmol, 2.9 equiv). C6D6 (0.5 mL) was added and the resulting 
mixture was allowed to stir at 22 °C for 1 h. 400 MHz 1H NMR analysis revealed >98% 
conv of complex 1.79 to carbene complex 1.94. Carbene proton, 1H NMR (400 MHz, 
C6D6): (1H, s); 
Rhenium(neophyllidene)(neophyllidyne)-bis-(2,6-dimethylpyrrolide) (1.111): An 
oven-dried vial equipped with stirbar was charged with 40.0 mg (0.067 mmol, 1.0 equiv) 
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Re-complex 1.11839 and 13.5 mg (0.134, 2.00 equiv) lithium 2,6-dimethylpyrrolide. Et2O 
(2 mL) was added and the mixture was allowed to stir for 18 h at 22 °C in the glovebox. 
Mixture was removed from the glovebox, concentrated in vacuo, redissolved in benzene, 
filtered through celite, concentrated in vacuo, and triturated in pentane, which afforded 
35.5 mg (0.056 mmol, 83% yield) of Re-complex 1.111 as a red-brown powder. Carbene 
proton, 1H NMR (400 MHz, C6D6):  (1H, s); HRMS: calcd for C32H39N2Re: 
637.2718, found: 637.2735.
(Tricyclohexylphosphine)(2-isopropoxybenzylidine)(3,3'-dibromo-2'-((tert-
butyldimethyl-silyl)oxy)-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalen]-2-
oxyruthenium(II) tert-butoxide (1.121): An oven-dried vial equipped with stibar was 
charged with 10.0 mg (0.0150 mmol, 1.00 equiv) Ru-complex 1.49 and 8.3 mg (0.0150 
mmol, 1.00 equiv) alcohol 1.112. C6D6 (0.5 mL) was added and mixture was allowed to 
stir at 22 °C for 24 h. 400 MHz 1H NMR analysis revealed >98% conv of Ru-complex 
1.49 to Ru-carbene 1.121. Carbene proton, 1H NMR (400 MHz, C6D6): (1H, br 
s); 
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Chapter 2. 
ENANTIOSELECTIVE RING-OPENING/CROSS METATHESIS PROMOTED BY 
STEREOGENIC-AT-METAL RUTHENIUM COMPLEXES 
2.1 Enantioselective Ring-Opening/Cross-Metathesis of Cyclopropenes 
The development of new methods for synthesizing enantiomerically enriched 
molecules continues to be a critical area of research in synthetic organic chemistry, in 
part due to the prevalence of stereogenic centers within natural products. 
Metal-catalyzed olefin metathesis has emerged as a powerful tool for total synthesis, and 
catalytic asymmetric olefin metathesis allows access to enantiomerically enriched 
molecules by efficient and selective transformations.1 Major advances within this field 
have been made through the development of new catalysts, and our research has focused 
on the synthesis and application of new chiral ruthenium2- and molybdenum3- based 
                                                          
(1) Hoveyda, A. H.; Gillingham, D. G.; Van Veldhuizen, J. J.; Kataoka, O.; Garber, S. B.; Kingsbury, J. S.; 
Harrity, J. P. A.; Org. Biomol. Chem. 2004, 2, 8-23. 
(2) For selected reviews on catalytic olefin metathesis, see: (a) Connor, S.J.; Blechert, S. Angew. Chem. Int. 
Ed. 2003, 42, 1900-1942. (b) Furstner, A. Angew. Chem. Int. Ed. 2000, 39, 3012-3043. (c) Trnka, T.M.; 
Grubbs, R. H. Acc. Chem. Res. 2001, 34, 18-29.  
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catalysts for olefin metathesis. Additionally, the utility of the catalysts developed in our 
laboratory has been demonstrated by employing them in overcoming challenging 
problems in total synthesis, as is shown most recently in the syntheses of plasmalogen 
C18-(plasm)-16:0(PC) (2.1), quebrachamine (2.2), KRN7000 (2.3), baconipyrone C 
(2.4), epothilone C (2.5), and nakadomarin A (2.6, Figure 2.1).4,5,6,7 Still, there are 
numerous synthetic challenges yet to be overcome that will require the development of 
even more efficient, selective olefin metathesis catalysts. Although molybdenum 
catalysts have been shown to promote highly Z- and enantioselective ring-opening/cross-
metathesis (ROCM) reactions, ruthenium catalysts offer several advantages over 
molybdenum,8 including  stability to air and water, and tolerance of functional groups 
such as aldehydes, ketones, and alcohols.1 However, the increased stability of Ru-based 
catalysts is accompanied by a   reduction of catalytic activity compared to Mo-based 
catalysts, and therefore there exists a need to develop ligands that provide sufficient 
stability while maintaining a high level of reactivity. Towards this end, a number of Ru-
                                                                                                                                                                             
(3) (a) Schrock, R. R.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2003, 42, 4592-4633; (b) Malcolmson, S. J.; 
Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature, 2008, 456, 933-937. 
(4) Gillingham, D. G.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2007, 46, 3860-3864.  
(5) Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature, 2008, 456, 933-
937.   
(6) Meek, S. J.; O’Brien, R. V.; Llaveria, J.; Schrock, R. R.; Hoveyda, A. H. Nature, 2011, 471, 461-466. 
(7) Yu, M.; Wang, C.; Kyle, A. F.; Jakubec, P.; Dixon, D. J.; Schrock, R. R.; Hoveyda, A. H. Nature, 2012, 
479, 88-93.  
(8) (a) Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3844-3845; (b) 
Yu, M.; Ibrahem, I.; Hasegawa, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 2788-
2789.  
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based catalysts have been developed in our laboratory, including chiral Ru-catalysts 
capable of promoting enantioselective ROCM reactions. 9 
The reactivity of our chiral Ru-catalysts has been studied through ROCM reactions of 
strained bicyclic substrates with styrene, forming various optically enriched 
cyclopentane, pyran, and piperidine products (Figure 2.2).9a,10,11 More recently, chiral Ru-
catalyst 2.7 has 
been used to 
promote ROCM 
of cyclopropenes (such as 2.8) with terminal olefins (such as allyl methacrylate, 2.9) 
bearing distal, unreactive enoates and ynoates (Figure 2.3).12 A variety of enoates and 
ynoates were 
found to 
provide diene 
products with 
high 
efficiency and enantioselectivity, and the origin of enantioselectivity was proposed to 
arise from coordination of the distal enoate or ynoate group to the Ru center.   
                                                          
(9) (a) Van Veldhuizen, J. J. Garber, S. B.; Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 
4954-4955; (b) Van Veldhuizen, J. J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. J. 
Am. Chem. Soc. 2003, 125, 12502-12508; (c) Van Veldhuizen, J.; Campbell, J. E.; Guidici, R. E.; Hoveyda, 
A. H. J. Am. Chem. Soc. 2005, 127, 6877-6882. 
(10) Gillingham, D. G.; Kataoka, O.; Garber, S. B.; Hoveyda, A. H.  J. Am. Chem. Soc. 2004, 126, 12288-
12290.  
(11) Cortez, G. A.; Baxter, C. A.; Schrock, R. R.; Hoveyda, A. H. Org. Lett. 2007, 9, 2871-2874.   
(12) Giudici, R.; Hoveyda, A. H. J. Am. Chem. Soc. 2007, 129, 3824-3825.  
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Although there are numerous examples of bidentate chelation within ligands 
binding to ruthenium, these observations are the first examples that suggest a chelating 
carbene ligand can influence enantioselectivity during an olefin metathesis reaction. For 
this reason, we set out to elucidate the mechanism by which these substrates alter 
enantioselectivity by expanding the scope of this reaction to include a variety of allylic 
esters bearing distal enoates, as well as to non-enoate substrates; by studying the 
mechanism of stereoinduction we hoped to gain insight for new catalyst design.   
In order to test our hypothesis that the enoate influences enantioselectivity, a 
series of three allyl-trans-cinnamates (2.10-2.12) were reacted with 5 mol% catalyst 2.7 
and cyclopropene 2.8 (Figure 
2.4).13 The para-substituent on the 
phenyl ring of the cinnamate was 
varied in order to test whether 
electron withdrawing/donating 
groups could affect the strength of 
the chelation between the olefin of the , unsaturated ester and the ruthenium center. 
We found that regardless of how the cinnamate was substituted, the ROCM reactions 
were all approximately identical in enantioselectivity (88:12 to 89:11 er).  
                                                          
(13) Studies in enantioselective ROCM of cyclopropenes were conducted in collaboration with Dr. Pamela 
J. Lombardi.  
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 In addition to these three allyl cinnamates, ketone cross-partner 2.13 was reacted 
with cyclopropene 2.8 in the presence of 10 mol % catalyst 2.7, and we found that the 
product of this ROCM reaction had a lower enantioselectivity than the corresponding 
ester (82.5:17.5 er vs. 92.5:7.5 er for 
2.7, Figure 2.5). This was an 
unexpected result since the * LUMO 
of the carbonyl of the ketone is lower 
in energy than the * LUMO of the 
carbonyl of the ester, and therefore the ketone is expected to be a stronger -acceptor 
than the ester, which would mean that if ruthenium is back-bonding into the * of the 
carbonyl the ketone would be expected to be a stronger chelate than the ester.  
Our initial plan was to study the ROCM reaction of methyl-2-vinylbenzoate 2.14 
with cyclopropene 2.8 in the presence of 10 mol % Ru-catalyst 2.7 (Figure 2.6). 
Remarkably, 2.14 did 
not deliver any of the 
predicted ROCM 
product, but instead led 
to >98% conv to Ru-
chelate complex 2.15, 
with the carbene 1H chemical shift present at  17.3 ppm (complex 2.7 has a carbene 1H 
chemical shift present at  15.6 ppm). This downfield shift indicates that the methyl ester 
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is likely syn to the N-heterocyclic carbene (NHC) moiety, thus placing the carbene proton 
out from under the mesityl group and removing the anisotropic shielding effect; if the 
methyl ester were chelated anti to the NHC, an upfield shift would be expected.  
Remarkably, this new chiral ruthenium complex was found to be exceptionally 
stable to air and was able to be purified by silica gel chromatography. The complex is a 
bright green crystalline solid, and was obtained in 48% isolated yield. In addition to the 
downfield shift in the proton resonance corresponding to the carbene proton, there is a 
substantial shift in the carbonyl stretching frequency of the chelated ester (1655cm-1) 
compared with methyl-2-vinylbenzoate (1721cm-1). Both of these data suggest that the 
ruthenium center is chelated to the ester group, however the precise mode of chelation 
would require X-ray crystallography (efforts to obtain an X-ray quality crystal were 
unsuccessful).  
A variety of carbonyl chelated Ru-complexes were prepared, and their 
spectroscopic properties of these carbenes are shown in Figure 2.7. Complex 2.16 was 
selected since a nitro group para to the benzoate will withdraw electron density from the 
benzoate, perhaps favoring -2 coordination (vs. -1). We prepared complex 2.17 
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because we thought the presence of an ortho methyl group would force the benzoate out 
of conjugation with the phenyl ring, thereby altering its mode of chelation. Complexes 
2.18 and 2.19 were prepared as there is precedent for hexafluoroacetone to form an -2 
complex with Pt(PPh3)2Cl2, so complex 2.18 was prepared for comparison 2.19.
14  In all 
cases, the IR stretch of the C=O is shifted towards a smaller wavenumber (compared to 
the free styrene), indicating that the C=O bond of the carbonyl has more C-O single bond 
character, and the carbonyl is therefore strongly chelated to the Ru-center (and chelation 
appears to favor -1). Additionally, the 100MHz 13C NMR chemical shift for the C=O is 
shifted downfield upon complexation relative to the free styrene, an observation that is 
also consistent with carbonyl chelation; complexes 16, 17, and 19 were unstable in 
solution and thus it was not possible to obtain clean 13C NMR spectra for these 
complexes.15 It is clear from these data that in spite of substantial steric and electronic 
modification, each complex has very similar structural characteristics, and are likely all 
chelated in the same -1 fashion.  
Ru-catalyzed ROCM of a variety of homoallylic ketones as well as a homoallylic 
                                                          
(14) Green, M.; Osborn, B. L.; Rest, A. J.; Stone, F. G. A. Chem. Comm. 1966, 15, 502-503. 
(15) -1 Carbonyl coordination is consistent with a previous report on Ru-carboxylate complexes: Slugovc, 
C.; Perner, B.; Stelzer, F.; Mereiter, K. Organometallics 2004, 23, 3622-3676. 
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ester and aldehyde were studied, and the results are shown in Figure 2.8. These substrates 
were all chosen to be studied as, in contrast to the allylic ester cross partners investigated 
previously, these cross partners possess a hydrocarbon chain between the chelated 
carbonyl group and the carbene, which could confer greater flexibility to the chelate vs. a 
relatively rigid ester bond. When the R group on the ester carbonyl is changed from 
methyl (allyl acetate, 2.20) to ethyl (allyl propionate, 2.21), to n-propyl (allyl butyrate, 
2.22) there is very little effect on enantioselectivity (90:10-85:15 er).  When the 
corresponding ketone cross-partners were studied (2.23, 2.24 and 2.25) a trend was 
observed where the longer the alkyl chain the lower the enantioselectivity (88:12 er for R 
= Me, 86.5:13.5 er for R = Et, and 84.5:15.5 for R = n-Pr), suggesting that allylic esters 
and homoallylic ketones may coordinate to the Ru-center through different modes. 
Homoallylic aldehyde 2.26 was examined because this substrate retains the hydrocarbon 
chain between the carbene and the chelated carbonyl, but differs electronically from the 
homoallylic ketones; however, the enantioselectivity was essentially the same as the 
ketones (85.5:14.5 er). Finally, homoallylic ethyl ester 2.27 was selected because it has 
the same hydrocarbon chelate as the ketones, but is electronically similar to the allylic 
esters, and the selectivity was essentially the same as the other esters examined (86:14 
er).  
It is clear from these data that compared to the enoates, the homoallylic cross 
partners generally furnish slightly lower levels of enantioselectivity.12 The lower 
selectivity may be due to the increased flexibility of the homoallylic tether leading to a 
less organized transition state during formation of the chelate. Snapper et al. found that a 
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tethered olefin containing an oxygen in the tether cyclized readily with cyclobutadiene 
while the corresponding hydrocarbon tether produced only dimers (Figure 2.9).16 
Additionally, Jung et al. have reported a similar effect in Diels-Alder cycloadditions of 6-
furylhexenoates, where the rate of cyclization of 6-furylhexenoates was found to be 310 
times faster for dimethyl substituted vs monomethyl substituted substrates, whereas the 
corresponding dimethyl substituted furylhexenone was only seven times faster than the 
monomethyl, suggesting that the presence of an oxygen atom in the tether dramatically 
accelerates cyclization.17  
In addition to 
homoallylic esters and 
ketones, we found aliphatic 
ethers (such as allyl benzyl 
ethers 2.28, 2.30-2.31 and 
allyl-tert-butyldimethylsilyl 
                                                          
(16) Limanto, J.; Tallarico, J. A.; Porter, J. R.; Khuong, K. S.; Houk, K. N.; Snapper, M. L. J. Am Chem. 
Soc. 2002, 124, 14748-14758. 
(17) Jung, M. E.; Kiankarimi, M. J. Org. Chem. 1998, 63, 2968-2974.  
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ether 2.29) are capable of delivering products with a high degree of selectivity (87.5:12.5 
to 92:8 er, Figure 2.10).18 We rationalized the selectivity of 2.28 as having resulted from 
the chelation of the ether oxygen, but we could not extend this rationale to ether 2.29, 
since it is unlikely that a silyl ether is chelated to Ru. In order to try to separate the steric 
effects from the chelation effect, we first explored whether allyl phenyl ethers (with 
various para substituents) would deliver products with a high degree of selectivity 
(substrates 2.30 and 2.31). We determined that products 2.32-2.34 were all obtained with 
a similar degree of selectivity (87.5:12.5 to 89.5:10.5 er). These results suggest that the 
steric bulk of the phenyl ring might be controlling the selectivity, since electronic 
variation of the Lewis basicity of the ether oxygen has minimal effect on selectivity.  
 We then set out to determine whether an aliphatic cross partner lacking any Lewis 
basic sites could furnish products with a high degree of selectivity (Figure 2.11). We first 
examined the ROCM of 
homoallylbenzene 2.35, 
since this is structurally 
analogous to 2.28, and 
we obtained product 2.38 
in 85.5:14.5 er. Next we 
examined allyl benzene (thereby bringing the steric bulk of the phenyl ring closer to the 
terminal olefin) and we obtained product 2.39 in 88:12 er. Finally, we studied 
vinylcyclohexane, a substrate which has a large steric bulk directly adjacent to the 
                                                          
(12) Iranpoor, N.; Firouzabadi, H.; Aghapour, G.; Vaezzadeh, G. R. Tetrahedron, 2002, 58, 8689-8693. 
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terminal olefin, and we obtained product 2.40 in 97:3 er. It is clear from examining these 
substrates that although it is possible that chelation may play a role in influencing 
enantioselectivity (as seen in the subtle differences between ester and ketone substrates), 
chelation is not required for high enantioselectivity, rather steric bulk alone is capable of 
providing highly enantioselective ROCM reactions. 
 We then sought to determine the absolute configuration of these aliphatic 
products, and did so through stereochemical correlation of the allylic alcohol obtained 
from hydrolysis of the ROCM product 2.41 derived from allyl methacrylate 2.9 (Figure 
2.12). This alcohol was converted to the corresponding bromide by treatment with DDQ, 
PPh3, and TBAB in dichloromethane.
19 The resulting allylic bromide 2.42 was then 
                                                          
(13) Charton, M. J. Org. Chem. 1979, 44, 903-906.  
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treated with an appropriate Grignard reagent, and this yielded products 2.43 and 2.44 
(with benzylmagnesium chloride and phenylmagnesium chloride respectively). Having 
independently synthesized these products, it was possible to assign the relative 
stereochemistry of 2.43 and 2.44 to be the same as was found for 2.32 (which was 
deprotected by treatment with DDQ in water/MeCN), as well as the enoates and esters. 
The absolute stereochemistry of these products was then correlated with the ROCM 
product of ketone 2.23 (ketone 2.45) by converting 2.45 into hydrazone 2.46, and then 
converting allylic alcohol 2.41, and ketone 2.45 into lactone 2.47 by a previously 
reported sequence of hydroboration/oxidative ozonolysis.12 Vinylcyclohexane derived 
product 2.40 was also taken through this same sequence of reactions, and in all cases the 
relative stereochemistry of the products were the same as hydrazone 2.46, which X-ray 
crystallography revealed to be the S-enantiomer (thus all ROCM products appear to 
provide the same absolute sense of stereochemistry). 
 In addition to expanding the scope of Ru-catalyzed enantioselective ROCM, we 
demonstrated the utility of this transformation in the total synthesis of the natural product 
(+)-sporochnol A (2.57, Figure 2.13). (+)-Sporochnol A was originally isolated from the 
marine alga Sporochnus bolleanus, and it was found to exhibit feeding deterrence 
towards herbivorous fish, and since its isolation it has been the subject of numerous 
synthetic studies, in part due to the difficulty of installing an all-carbon quaternary 
stereogenic center.20,21,22  
                                                          
(20) The total synthesis of (+)-sporochnol A was conducted in collaboration with John H. Conway.  
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(21) For the original isolation of sporochnol A, see: Shen, Y. C.; Tsai, P. I.; Fenical, W.; Hay, M. E. 
Phytochemistry, 1992, 32, 71-75.  
(22) For previous syntheses of sporochnol A, see: (a) Takahashi, M.; Shioura, Y.; Murakami, T.; 
Ogasawara, K. Tetrahedron: Asymmetry, 1997, 8, 1235-1242; (b) Kamikubo, T.; Shimizu, M.; Ogasawara, 
K. Enantiomer, 1997, 2, 297-301; (c) Fadel, A.; Vandromme, L. Tetrahedron: Asymmetry, 1999, 10, 1153-
1162; (d) Li, Y.; Yuan, H.; Lu, B.; Ly, Y.; Teng, D. J. Chem. Res. Synop. 2000, 530-531; (e) Luchaco-
Cullis, C. A.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem Int. Ed. 2001, 40, 1456-1460; (f) 
Bassindale, M. J.; Hamley, P.; Harrity, J. P. A. Tetrahedron Lett. 2001, 42, 9055-9057; (g) Ohira, S.; 
Kuboki, A.; Hasegawa, T.; Kikuchi, T.; Kutsukake, T.; Nomura, M. Tetrahedron Lett. 2002, 43, 4641-
4644; (h) Gao, F.; Lee, Y.; Mandai, K.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2010, 49, 8370-8374. 
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Our synthesis commences with MOM protection of p-hydroxyacetophenone, 
which provides MOM ether 2.47 in 88% yield. MOM ether 2.47 is then subjected to a 
Wittig olefination, affording -methylstyrene olefin 2.48 in 84% yield. Styrene 2.48 is 
then reacted with CHBr3 in the presence of aqueous sodium hydroxide (with cetrimide 
acting as a phase transfer catalyst for the hydroxide ion), which delivers 
dibromocyclopropane 2.49 in 88% yield.23 Dibromocyclopropane 2.49 is then reduced to 
mono-bromocyclopropane 2.50 by treatment with EtMgBr in the presence of Ti(Oi-Pr)4 
in Et2O, providing 2.50 in 93% yield.
24 E2 elimination of bromocyclopropane 2.50 
yielded cyclopropene 2.51 in 72% yield, and this was the substrate for enantioselective 
ROCM. In the presence of 5 mol % Ru-catalyst 2.7 and 5.5 equivalents allylacetate, 
ROCM proceeds to afford diene 2.52 in 50 % yield and 86:14 er. Diene 2.52 was then 
hydrolyzed to alcohol 2.53 in 59% yield, and alcohol 2.53 was oxidized using MnO2 to 
afford aldehyde 2.54 in 94% yield. Hantzch ester reduction of 2.54 provided saturated 
aldehyde 2.55 in 92% yield,25 and this aldehyde was then subjected to a Wittig 
olefination to afford O-methylsporochnol 2.56 in 54% yield. Finally, the methyl group 
was deprotected by treatment with DIBAL-H in toluene, providing the target in 72% 
yield. The absolute stereochemistry of our sporochnol derivative remains unknown due to 
ambiguities in the stereochemistry proofs present in the literature; in order to determine 
the absolute stereochemistry conclusively,  X-ray crystallography will have to be 
employed (perhaps of a crystalline derivative such as p-bromobenzoate 2.58).   
                                                          
(23) Rubina, M.; Rubin, M.; Gevorgyan, V. J. Am. Chem. Soc. 2002, 124, 11566-11567. 
(24) Al Dulayymi, J. R.; Baird, M. S.; Bolesov, I. G.; Tveresovsky, V.; Rubin, M. Tetrahedron Lett. 1996, 
37, 8933-8936. 
(25) Yang, J. W.; Fonseca, M. T.; List, B. Angew. Chem. Int. Ed. 2004, 43, 6660-6662.  
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2.2 Enantioselective Ring-Opening/Cross-Metathesis of Enol Ethers 
 Enol ethers are rarely utilized as reactants in Ru-catalyzed olefin metathesis due 
to the inherent low reactivity of the highly stabilized Ru-Fischer carbenes.26 Grubbs and 
co-workers reported the first RCM of enol ethers promoted by Mo-catalyst 2.60 (Figure 
2.14).27 In their study, Grubbs synthesized enol ether substrates through a Tebbe 
olefination (furnishing substrates such as 2.59), and the enol ether 2.59 was cyclized with 
12 mol % catalyst 2.60 to provide benzofuran 2.61 in 88% yield. When Ru-catalyst 2.62 
was employed, no RCM product was observed but instead the alkene moiety of the 
substrate was slowly dimerized (leaving the enol ether intact). Ru-catalysts have been 
shown to promote enol ether RCM, and have been employed in a variety of total 
synthesis applications;26 a study by Sturino and co-workers highlights some of the 
                                                          
(26) For a review of heteroatom containing olefinic substrates in olefin metathesis, see: Van de Weghe, P.; 
Bisseret, P.; Blanchard, N.; Eustache, J. J. Organomet. Chem. 2006, 691, 5078-5108.  
(27) Fujimura, O.; Fu, G. C.; Grubbs, R. H. J. Org. Chem. 1994, 59, 4029-4031.  
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limitations of enol ether RCM: substrates in which the aliphatic olefin is sterically 
exposed, such as substrates leading to dihydropyrans 2.64 and 2.65, undergo RCM in the 
presence of Ru-catalyst 2.63 
with moderate efficiency.28 
However, when the aliphatic 
olefin is more sterically 
encumbered than the enol ether 
(as in substrates 2.66-2.68), no 
RCM reaction is observed; the 
cause of this lack of reaction is 
likely due to the catalyst 
preferentially reacting with the enol ether, which then traps the catalyst in a 
thermodynamic well, shutting down the catalytic cycle.29 When a gem-dimethyl group is 
present at the homoallylic position next to the olefin, reactivity is restored, presumably by 
the Thorpe-Ingold effect lowering the barrier to RCM with the Ru-Fischer carbene.  
 In addition to enol ether RCM, there are several reports of enol ether ROCM 
promoted by achiral Ru-catalysts: for example, Ozawa and co-workers reported ROCM 
of norbornene and phenyl vinyl ether, which delivered cyclopentane 2.70 in 17% yield 
                                                          
(28) Sturino, C. F.; Wong, J. C. Y. Tetrahedron Lett. 1998, 39, 9623-9626.  
(29) In fact, enol ethers are often used to terminate Ru-catalyzed olefin metathesis reactions, for example, 
in polymerization, see: Maynard, H. D.; Okada, S. Y.; Grubbs, R. R. Macromolecules, 2000, 33, 6239-
6248.  
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and 85:15 Z:E (Figure 2.15).30 In addition, chalcogen containing substrates were 
examined: phenylvinyl sulfide was found to be more reactive than phenyl vinyl ether 
(63% yield vs 17% yield) and product 2.71 was obtained as a mixture of E/Z olefins 
favoring the E instead of Z (37:63 Z:E). Phenylvinyl selenide was found to be even more 
reactive than the corresponding sulfide, and the reaction was also E-selective (product 
2.72, 92% yield in 2 h vs 5 h for O and S substituted vinyl ethers, and 35:65 Z:E). Finally, 
phenylvinyl telluride was much less efficient (product 2.73, 34% yield in 18 h) due to 
significant catalyst decomposition (and the reaction was non-selective (54:46 Z).  
In separate studies, Rainier and co-workers found a similar trend in reactivity in 
the ROCM of azanorbornene 2.74 in the presence of Ru-catalyst 2.75: vinyl acetate 
providing pyrrolidine 
2.76 in 66% yield 
after 20 h (and the 
product was found to 
be 50:50 E:Z).31 When ethylvinyl ether was used, pyrrolidine 2.77 was obtained in 63% 
yield after only 1 h (57:43 Z:E), while phenylvinyl sulfide afforded pyrrolidine 2.78 in 
91% yield after 3 h (13:87 Z:E).   
                                                          
(30) Katayama, H.; Urushima, H.; Nishioka, T.; Wada, C.; Nagao, M.; Ozawa, F. Angew. Chem. Int. Ed. 
2000, 39, 4513-4515.   
(31) (a) Weeresakare, G. M.; Liu, Z.; Rainier, J. D. Org. Lett. 2004, 6, 1625-1627; (b) Liu, Z.; Rainier, J. D. 
Org. Lett. 2005, 7, 131-133. 
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The trends observed in Ozawa’s and Rainier’s studies are illustrative of the 
fundamental reactivity and selectivity of Fischer-carbene Ru-complexes: 1) the reactivity 
of the vinyl ether/chalcogen increases as the size of the heteroatom increases, and 2) the 
reaction of enol ethers is kinetically Z-selective and Z selectivity decreases with 
increasing size of the heteroatom. The overlap between the empty p-orbital of the carbene 
carbon and 
heteroatom 
lone pair 
decreases as 
the size of the 
atom increases 
(Figure 2.16); 
with decreased orbital overlap, the heteroatom is less able to stabilize the Ru-carbene, 
raising the overall energy of the complex, and thereby enhancing the reactivity in olefin 
metathesis. This explains why the vinyl sulfide provides higher conversion and lower Z-
selectivity vs. the vinyl ether, since a more reactive Ru-carbene reacts more readily with 
both the norbornene substrate as well as the kinetically favored Z-olefin product.32 There 
is computational evidence that Ru-catalyzed olefin metathesis proceeds with inherent 
kinetic Z-selectivity,33 and if this is so, it is consistent that a less reactive Ru-Fischer 
                                                          
(32) For further discussion of the relative reactivity of O vs. S substituted Ru-enol ethers, see: (a) Louie, J.; 
Grubbs, R. H. Organometallics, 2002, 21, 2153-2164  ; (b) Katayama, H.; Urushima, H.; Ozawa, F. Chem. 
Lett. 1999, 369-370. 
(33) Bahri-Laleh, N.; Credendino, R.; Cavallo, L. Beilstein J. Org. Chem. 2011, 7, 40-45.  
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carbene would be less likely to undergo isomerization of the Z-olefin to the E-olefin (as 
there is no driving force to lead the Ru-carbene out of the thermodynamic sink, Figure 
2.17). In ROCM, the release of ring-strain is a sufficient driving force to pay the 
endothermic cost of taking the Ru-
complex from a Fischer-carbene to a 
non-stabilized Ru-alkylidene (Figure 
2.17). This effect is also demonstrated 
by the lack of reactivity of Ru-enol 
ethers in cross-metathesis, whereas Kampf and co-workers have shown that phenylvinyl 
sulfide will undergo cross-metathesis with cis-dichloroethylene (in the presence of 
styrene ether complex 2.79) to provide vinyl sulfide 2.80 in 70% yield (81:19 Z:E), which 
shows that phenyl vinyl sulfide has reactivity that is closer to an olefin than ethyl vinyl 
ether (Figure 2.16).34  
As part of our program of research in enantioselective ROCM, we set out to 
examine whether oxabicycles possess enough ring-strain to allow stereogenic-at-metal 
                                                          
(34) Macnaughtan, M. L.; Gray, J. B.; Gerlach, D. L.; Johnson, M. J. A.; Kampf, J. W. Organometallics, 
2008, 28, 2880-2887.  
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Ru-Fischer carbenes to undergo efficient ROCM reactions.35 Towards this end, we 
examined the reaction of oxabicycle 2.81 with n-butylvinyl ether in the presence of 5 mol 
% catalyst 2.7: remarkably, pyran 2.82 was obtained in 80% yield, >98:2 er, and 95:5 Z:E 
(Figure 2.18). The Z-selectivity of this reaction is unprecedented in Ru-catalyzed olefin 
metathesis, and is comparable to the selectivity observed in enantioselective Mo-
catalyzed ROCM.36  
A range of enol ethers were examined, including vinylcyclohexyl ether, which 
provided pyran 2.83 in 64% yield (>98:2 er, 98:2 Z:E), as well as vinyl(p-
methoxyphenyl) ether, which afforded pyran 2.84 in 67% yield and somewhat lower 
selectivity (97:3 er, 95:5 Z:E, Figure 2.19). In addition, phenylvinyl sulfide delivered 
pyran 2.85 in 67% yield, 96:4 er, and with a significant reduction in Z-selectivity (91:9 
Z:E). This is consistent with phenylvinyl sulfide having increased reactivity vs. enol 
ethers, thus leading to a reduction in Z-selectivity; furthermore, if the reaction is stopped 
in 18 h, pyran 2.85 is obtain as a single olefin isomer (>98:2 Z:E). It is also noteworthy 
that achiral catalyst 2.79 (Figure 2.16) provides pyrans 2.83 and 2.84 in low E selectivity, 
                                                          
(35) Studies in enantioselective ROCM of enol ethers were conducted in collaboration with Rana Kashif 
M. Khan and Dr. Sebastian Torker. 
(36) Yu, M.; Ibrahem, I.; Hasegawa, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 
2788-2799.    
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consistent with the Z-product being formed as the kinetic product, which is then 
isomerized to the E isomer. 
In addition to examining the scope of enol ethers, we also studied ROCM of a 
variety of oxabicycles, including the TBS ether of oxabicycle 2.81, which afforded pyran 
2.86 in 71% yield, 93:7 er, and 87:13 Z:E (Figure 2.20). Also, we examined the exo-
diasteromer of 2.81 (protected as a benzyl ether), which delivered pyran 2.87 in 62% 
yield, 94:6 Z:E, as a single enantiomer (>98:2 er). Finally, we also studied the ROCM of 
a TBS protected tertiary alcohol containing oxabicycle, which provided pyran 2.88 in 
72% yield, 95:5 er, and 92:8 Z:E. Thus we found that enantioselective Ru-catalyzed 
ROCM of enol ethers proceeds efficiently and with a high degree of enantio- and Z-
selectivity across a broad range of cross partners and oxabicycle substrates.  
 Stereochemical correlation of the products of ROCM with enol ethers and with 
styrene revealed that n-butylvinyl ether and phenylvinyl sulfide both provide products 
with the same relative stereochemistry, whereas n-butylvinyl ether provides the opposite 
sense of enantioselectivity as does styrene. In order to rationalize the high degree of 
selectivity found in both oxabicycle ROCM of styrene and vinyl ethers, we have 
proposed a catalytic cycle in which enol ether ROCM occurs through the higher energy 
endo-diastereomer of the Ru-catalyst (2.89, Figure 2.21).37 Complex endo-2.89 binds an 
oxabicycle, leading to endo-2.90, in which the n-butoxy group is oriented syn to the 
iodide ligand, away from the biphenoxide, presumably due to dipole minimization. 
                                                          
(37) Bornand, M.; Chen, P. Angew. Chem. Int. Ed. 2005, 44, 7909-7911; Bornand, M.; Torker, S.; Chen, P. 
Organometallics, 2007, 26, 3585-3596.  
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Complex endo-2.90 then forms metallcycle 2.91, and the origin of Z selectivity is either 
the result of a smaller barrier to the formation of the cis-substituted ruthenacyclobutane 
or a smaller barrier to the breakage of the cis-substituted ruthenacyclobutane, which leads 
to complex exo-2.93. Complex exo-2.93 then reacts with another molecule of n-
butylvinylether to regenerate complex endo-2.89 and releases the pyran product as the Z 
olefin.  
We propose that styrene proceeds through the opposite pathway, forming exo-
2.94 in which the phenyl group is oriented away from the iodide ligand. However, in the 
case of styrene, the origin of high E selectivity is either the result of a smaller barrier to 
the formation of the trans-substituted ruthenacyclobutane 2.95 or a smaller barrier to the 
breakage of the trans-substituted ruthenacyclobutane 2.95, which leads to complex exo-
2.96. The differences between styrene and enol ethers may be due to the reduced steric 
bulk of the heteroatom vs. the phenyl group of styrene, thus the kinetically favored cis-
metallacycle can be more readily accommodated when there is reduced steric clash 
between the metallacycle substituents.  
 Finally, although we believe that enol ethers proceed through an endo-
diastereomer, 1H NMR studies reveal that there is a single propagating species present in 
the reaction mixture, and we observed an nOe between the carbene proton of this species 
and the mesityl ring, indicating that the major propagating species is in fact an exo 
carbene (exo-2.94, Figure 2.21). Based on deuterium scrambling experiments (involving 
d3-p-methoxyphenyl vinyl ether and n-butyl vinyl ether), we have seen that enol ethers 
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undergo facile degenerate metathesis, and therefore we believe that although the 
predominant species in solution is exo-2.94, there is a rapid equilibrium between the 
higher energy (and thus more reactive) endo-2.89, which leads to the observed major 
enantiomer of the product. We thus propose that enantioselective Ru-catalyzed ROCM of 
enol ethers provides exceptionally high levels of enantioselectivity due to Curtin-Hammet 
control of the propagating species.  
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2.3 Polytopal Rearrangements in Ru-Catalyzed Olefin Metathesis 
During the course of our studies in enantioselective ROCM, we examined ROCM 
between aliphatic olefins and cyclobutenes such as 2.97 (Figure 2.22).38 To our surprise, 
no ROCM product was observed in this reaction; instead, the 400 MHz 1H NMR 
spectrum revealed the presence of a new carbene at  17.07 ppm (complex 98). The 
chemical shift of the new carbene is consistent with the complex being an endo 
diastereomer, and nOe analysis revealed no enhancements with the protons of the mesityl 
group, only interactions with aromatic protons. Because of the ambiguity of the identity 
of aromatic enhancements, we synthesized a fluorinated analog of complex 2.98 
(fluorinated complex 2.99), and we were able to carry out a 19F-1H HOESY experiment 
and positively determine that complex 2.99 is in fact an endo diastereomer (due to the 
enhancement of the carbene proton with the F atom on the biphenyl moiety).  
Complex 2.98 was isolated and purified by silica gel chromatography (affording 
complex 2.98 in 42% yield as a brown crystalline solid, Figure 2.23). When pure 2.98 
                                                          
(38) Studies of polytopal rearrangements in Ru-carbene complexes were carried out in collaboration with 
Rana Kashif M. Khan, Adil R. Zhugralin, Dr. Pamela J. Lombardi, Dr. Sebastian Torker, and Dr. Fredrik 
Hafner.  
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was subjected to 11 equiv styrene and heated to 50 °C in benzene, we were pleased to 
find that the endo carbene underwent cross-metathesis to provide ROCM product 2.100 
in 51% yield, which confirmed the structural assignment of the carbene tether 
(confirming that the styrenyl olefin was of the Z geometry). To our surprise, two new 
carbenes were also visible in the 1H NMR spectrum, one at  16.41 (complex exo-2.101) 
and the other at  16.24 ppm (complex exo-2.102). Both complexes could also be 
purified by silica gel chromatography, and NMR analysis revealed that both complexes 
had a nOe enhancement with the mesityl group, indicating that both were exo 
diasteromers; exo-2.102, however, was found to be significantly more polar (requiring 
10% Et2O in CH2Cl2 vs. 70% CH2Cl2 in pentane for complex exo-2.101). Based on 
spectroscopic assignments and the significant difference in polarity, we have tentatively 
proposed the structure of exo-2.102 to be a syn-isopropoxy chelated exo-comple, whereas 
exo-101 is proposed to be the corresponding anti-isopropoxy chelated exo-complex.  
When endo-2.98 is heated to 50 °C in benzene in the absence of styrene, 
complexes exo-2.101 and exo-2.102 again are formed, and eventually the only complex 
that remains in solution is exo-2.102, suggesting that exo-2.102 is the thermodynamically 
favored product in this isomerization reaction. Also, when the kinetics of this 
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isomerization were studied, the reaction was found to be first order in complex endo-
2.98, ruling out a bimolecular ligand exchange process. In light of these results, we 
propose that complex endo-2.98 is converted to complex exo-2.102 through a polytopal 
rearrangement, in which the alkyl substituted carbene rotates trans to the biphenoxide 
moiety, and then further rotates so that the isopropoxy chelate ends up trans to the 
biphenoxide group, and the iodide ligand ends up trans to the NHC ligand (Figure 2.24). 
Complex exo-2.102 is formed as the kinetic product, and undergoes a second polytopal 
rearrangement in which the alkyl substituted carbene rotates trans to the iodide ligand, 
and then rotates further so that the iodide ends up trans to the biphenoxide moiety and the 
isopropoxy chelate ends up trans to the NHC ligand. It is also possible to envision that 
the isopropoxy chelate simply decoordinates from the metal and re-coordinates trans to 
the NHC, however, we believe this to be unlikely since it is possible to isolate the syn-
chelate, and we would expect an unsaturated metal sphere would lead to immediate 
conversion to the more stable trans-chelate. 
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Since the stereochemical configuration of the metal center is critical to controlling 
which enantiomer of product is formed during the course of enantioselective olefin 
metathesis, observations of stereomutation through a non-olefin metathesis (polytopal 
rearrangement) pathway has major consequences for designing an enantioselective olefin 
metathesis catalyst. These observations may also explain the differences in selectivity 
observed between cyclopropene and oxabicycles: cyclopropene likely initiates catalyst 
2.7, forming a sterically congested endo-alkylidene 2.103 (Figure 2.25). Complex endo-
2.103 can react with a molecule of cross partner (allyl methacrylate for example), which 
provides exo-2.104, and if this process proceeds in high fidelity, one would expect a 
highly enantioselective ROCM. If, however, endo-2.103 undergoes a polytopal 
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rearrangement to a new complex, exo-2.105, this complex can react with 
allylmethacrylate to form a new complex, endo-2.106, which will undergo ring-opening 
metathesis of cyclopropene 2.8 to deliver the opposite sense of enantioselectivity. The 
overall effect of this stereomutation would be to lower the enantioselectivity observed in 
the ROCM product, which may explain why aliphatic cross partners seem to afford 
products with a maximum of ~90:10 er. In the case of enol ethers and styrene, fast 
degenerate metathesis ensures that the endo carbene is always present in sufficient 
concentration to serve as the propagating species in the catalytic cycle. In the future, in 
order to design more enantioselective olefin metathesis catalysts, limiting or controlling 
polytopal rearrangements, through the use of substrates that provide fast degenerate 
metathesis or ligand structures that rigidify the catalyst to prevent stereomutation, will be 
critical for obtaining ROCM products in high enantioselectivity.  
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2.4 Experimentals 
General. Infrared (IR) spectra were recorded on a Bruker FTIR Alpha (ATR 
Mode) spectrometer, νmax in cm-1. Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 
400 (400 MHz), or 500 (500 MHz) spectrometers. Chemical shifts are reported in ppm 
from tetramethylsilane with the solvent resonance resulting from incomplete deuteration 
as the internal reference (CDCl3: δ 7.26, C6D6: δ 7.16). Data are reported as follows: 
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, br = broad, m 
= multiplet, app = apparent), and coupling constants (Hz). 13C NMR spectra were 
recorded on Varian Unity INOVA 400 (100 MHz) or 500 (125 MHz) spectrometers with 
complete proton decoupling. Chemical shifts are reported in ppm from tetramethylsilane 
with the solvent resonance resulting from incomplete deuteration as the internal reference 
(CDCl3: δ 77.16, C6D6: δ 128.06). 31P NMR spectra were recorded on Varian Unity 
INOVA 400 (100 MHz) or 500 (125 MHz) spectrometers. Chemical shifts are reported in 
ppm from a H3PO4 external reference standard. High-resolution mass spectrometry was 
performed on a Micromass LCT ESI-MS (positive mode) at the Boston College Mass 
Spectrometry Facility.  
Materials. All reactions were carried out in oven-dried (135 °C) or flame-dried 
glassware under an inert atmosphere of dry N2 unless otherwise stated. Solvents were 
purged with argon and purified under a positive pressure of dry argon by a modified 
Innovative Technologies purification system: diethyl ether (Aldrich), and 
dichloromethane (Aldrich) were passed through activated alumina columns; benzene 
Chapter 2, page 104
(Aldrich), and n-pentane (J. T. Baker) were passed successively through activated Cu and 
alumina columns. n-Pentane was allowed to stir over concentrated H2SO4 for three days, 
washed with water, followed by a saturated aqueous solution of NaHCO3, dried over 
MgSO4, and filtered before use in a solvent purification system. Tetrahydrofuran 
(Aldrich) was distilled from sodium benzophenone ketyl. Ethanol (Aldrich) was distilled 
from Mg/I2. N,N-dimethylformamide (DMF) was purchased from Acros and used as 
received (anhydrous). Pyridine was purchased from Aldrich and distilled over CaH2 prior 
to use.  
Acetic Acid was purchased from Fisher Scientific and used as received. 
Acetic anhydride was purchased from Aldrich and distilled over K2CO3 prior to use. 
Allyl acetate (2.20) was purchased from Aldrich and distilled prior to use. 
Allyl benzene (2.36) was purchased from Aldrich and distilled prior to use. 
Allyl bromide was purchased from Aldrich and used as received. 
Allyl butyrate (2.22) was purchased from Aldrich and distilled prior to use. 
Allyl methacrylate (2.9) was purchased from Aldrich and used as received. 
Allyl phenyl ether (2.28) was purchased from Aldrich and distilled prior to use. 
Allyl propionate (2.21) was purchased from Aldrich and distilled prior to use. 
d6-Benzene was purchased from Cambridge Isotope Laboratories and distilled from 
sodium into activated 4 Å molecular sieves prior to use. 
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Benzoic anhydride was purchased from Acros and used as received. 
Benzoyl chloride was purchased from Aldrich and vacuum distilled over calcium 
hydride prior to use. 
Bromoethane was purchased from Aldrich and used as received. 
Bromoform was purchased from Aldrich and used as received. 
1-Bromopropane was purchased from Aldrich and used as received. 
2-Bromopropene was purchased from Aldrich and filtered through activated basic Al2O3 
prior to use. 
2-Bromo-6-methylbenozic acid was purchased from Aldrich and used as received. 
2-Bromostyrene was purchased from Aldrich and used as received. 
n-Butylvinyl ether was purchased from Acros and distilled over CaH2 prior to use. 
Cetrimide was purchased from Aldrich and used as received. 
Chloromethyl methyl ether was purchased from Aldrich and used as received. 
Cyclohexylvinyl ether was purchased from Aldrich and distilled from CaH2 prior to use. 
Cyclopropene 2.8 was prepared following a literature procedure.12 
1,8-Diazabicycloundec-7-ene was purchased from Aldrich and use as received. 
Dibenzylamine was purchased from Aldrich and distilled from CaH2 prior to use 
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Dibenzylammonium trifluoroacetate was prepared by adding dibenzylamine (3 mL) 
dropwise to trifluoroacetic acid (5 mL) and allowing the mixture to stir for two hours. 
The reaction mixture was concentrated and dried in a P2O5 vacuum dessicator. The 
resulting white powder was washed with Et2O and dried under vacuum. 
Dibenzylammonium trifluoroacetate (4.05 g, 13.0 mmol, 83% yield) was recovered as a 
white powder. 
cis-3,4-Dichlorocyclobutene was purchased from Aldrich and used as received. 
Dimethylaminopyridine was purchased from Advanced ChemTech and used as 
received. 
N,O-Dimethylhydroxylamine hydrochloride was purchased from Aldrich and used as 
received. 
Diisobutylalumnium hydride was purchased from Aldrich and used as received. 
Dimethylsulfoxide was purchased from Aldrich (anhydrous) and distilled from CaH2 on 
to 4 Å MS prior to us. 
Ethyl magnesium bromide was prepared from magnesium turnings and bromoethane in 
diethyl ether (0.2 M) and was titrated prior to use (1,10-phenathroline and sec-butanol). 
Ethyl 4-pentenoate (2.27) was purchased from Aldrich and distilled prior to use. 
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Hantzch ester was prepared according to a literature procedure.39 
5-Hexen-2-one (2.23) was purchased from Aldrich and distilled prior to use. 
Hydrogen chloride (4M solution in dioxane) was purchased from Aldrich and used as 
received. 
p-Hydroxyacetophenone was purchased from Aldrich and used as received. 
2-Hydroxy-4-nitrobenzoic acid was purchased from Aldrich and used as received. 
Isopropyltriphenylphosphonium iodide was purchased from Aldrich and dried at 100 
ºC under high vacuum for 24 h prior to use. 
Iodomethane was purchased from Aldrich and use as received. 
Lithium chloride was purchased from Aldrich and use as received. 
Lithium hydroxide was purchased from Aldrich and use as received. 
Magnesium turnings were purchased from Strem and flame activated under high 
vacuum prior to use. 
γ-Manganese dioxide was prepared according to a literature procedure.40  
4-Methoxyphenol was purchased from Aldrich and used as received.  
4-Methoxycinnamic acid was purchased from Aldrich and used as received. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(39) Barbe, G.; Charette, A. B. J. Am. Chem. Soc. 2008, 130, 18-19.  
(40) Encyclopedia of Organic Reagents; Paquette L. A., Ed., John Wiley & Sons: West Sussex, England, 
1995. 
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para-Methoxyphenyl vinyl ether was prepared according to a literature procedure41 and 
distilled under vacuum from CaH2 prior to use 
Methyltriphenylphosphonium bromide was purchased from Aldrich and dried at 100 
ºC under high vacuum for 24 h prior to use. 
4-Nitrocinnamic acid was purchased from Aldrich and used as received.  
Oxabicycle 2.81 and its derivatives were prepared according to literature procedures.42 
Palladium tetrakis(triphenylphosphine) was purchased from Strem and used as 
received. 
4-Pentenal (2.26) was purchased from Aldrich and distilled prior to use. 
4-Pentenoic acid was purchased from Aldrich and used as received. 
4-Phenyl-1-butene (2.35) was purchased from Aldrich and distilled prior to use. 
Phenylvinyl sulfide was purchased from Aldrich and distilled from CaH2 prior to use. 
Potassium carbonate was purchased from Fischer Scientific and used as received. 
Potassium bis(trimethylsilyl)amide was purchased from Aldrich and used as received. 
Potassium tert-butoxide was purchased from Aldrich and used as received. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(41) Solinas, M.; Gladiali, S.; Marchetti, M. J. Mol. Catal. A: Chem. 2005, 226, 141–147. 
(42) (a) Sendelbach, S.; Schwetzler-Raschke, R.; Radl, A.; Kaiser, R.; Henle, G. H.; Korfant, H.; Reiner, 
S.; Fohlisch, B. J. Org. Chem. 1999, 64, 3398-3408. For oxabicycle ketone reductions, see: (b) Dunkel, R.; 
Mentzel, M.; Hoffmann, H. M. R. Tetrahedron, 1997, 53, 14929-14936. 
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n-Propyl magnesium bromide was prepared from magnesium turnings and 1-
bromopropane in diethyl ether (0.2 M) and was titrated prior to use (1,10-phenathroline 
and sec-butanol). 
Ru-complex 2.7 was prepared following a literature procedure.9c 
Sodium hydroxide was purchased from Fischer Scientific and used as received. 
Sodium hydride was purchased from Aldrich and used as received. 
Sodium tert-butoxide was purchased from Strem and used as received. 
Sodium carbonate was purchased from Aldrich and used as received. 
Thionyl chloride was purchased from Aldrich and used as received. 
Titanium (IV) isopropoxide was purchased from Aldrich and used as received. 
p-Toluenesulfonic acid was purchased from Aldrich and used as received. 
2,2,2-Trifluoroacetic acid was purchased from Acros and use as received. 
2,2,2-Trifluoroacetic anhydride was purchased from Aldrich and was distilled over 
K2CO3 prior to use. 
Trifluoromethanesulfonic anhydride was purchased from Aldrich and used as received. 
Vinylcyclohexane (2.37) was purchased from Aldrich and distilled prior to use. 
Vinyltributylstannane was purchased from Aldrich and used as received. 
Chapter 2, page 110
Allyl cinnamate (2.10). Ester 2.10 was prepared by treatment of 689 mg (4.65 mmol, 
1.00 equiv) cinnamic acid with 1.13 g (9.30 mmol, 2.00 equiv) allyl bromide and 1.29 g 
(9.30 mmol, 2.00 equiv) potassium carbonate in 25 mL DMF. After 24 h the reaction was 
quenched in water, the mixture was washed five times with ethyl acetate, the pooled 
organic layers were washed four times with water, once with brine, dried with MgSO4, 
filtered, and concentrated in vacuo. The crude oil was purified by silica gel 
chromatography (15:1 petroluem ether:Et2O) to afford 667 mg (3.54 mmol, 76% yield) of 
ester 2.10 as a colorless oil. The spectral properties of compound 2.10 were identical to 
those reported in the literature.43 
(E)-Allyl 3-(4-methoxyphenyl)acrylate (2.11). Following an identical procedure for 
preparation of 2.10, after silica gel chromatography (5:1 petroleum ether:Et2O) 313 mg 
(1.44 mmol, 31% yield) ester 2.11 was obtained as a clear colorless oil. 
(E)-Allyl 3-(4-nitrophenyl)acrylate (2.12). Following an identical procedure for 
preparation of 2.10, after silica gel chromatography (10:1 petroleum ether:Et2O) 748 mg 
(3.20 mmol, 69% yield) ester 2.12 was obtained as a yellow crystalline solid.   
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(43) Magens, S.; Plietker, B. J. Org. Chem. 2010, 75, 3715-3721. 
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2-Methylhepta-1,6-dien-3-one (2.13). A 100 mL round bottom flash equipped with 
stribar and reflux condenser was charged with 4-pentenoic acid (2.00 mL, 20.0 mmol) 
and this was dissolved in 10 mL CH2Cl2. Thionyl chloride (1.90 mL, 26.0 mmol, 1.30 
equiv) was added, mixture was heated to reflux for one hour. Mixture was then cooled to 
0 °C and N,O-dimethylhydroxylamine hydrochloride (3.90 g, 40.0 mmol, 2.00 equiv) was 
added. Pyridine (6.5 mL, 80.0 mmol, 4.00 equiv) was slowly added dropwise (exotherm!) 
and the resulting suspension of white solids was allowed to stir for 18 h at 22 °C. The 
reaction was quenched in 1 M aqueous HCl, the organic layer was separated, the aqueous 
layer was washed five times in CH2Cl2, the organic layers were pooled, washed twice 
with 1 M aqueous HCl, once with saturated aqueous sodium bicarbonate, once with brine, 
dried with MgSO4, filtered, and concentrated in vacuo. The resulting oil was purified by 
distillation under high vacuum using a heat gun, affording 1.40 g (9.77 mmol, 49% yield) 
amide 2.13a as a clear colorless oil.  
Amide 2.13a (786 mg, 5.50 mmol) was dissolved in 40 mL THF in a 250 mL 
round bottom flash equipped with stirbar, and the resulting solution was cooled to 0 °C 
on an ice bath. Isopropenylmagnesium bromide (prepared from 2-bromopropene and 
magnesium metal in THF, 0.5 M) was added dropwise by syringe. The progress of the 
reaction was monitored by TLC until all amide was consumed. After approximately one 
hour, mixture was quenched in 10% aqueous HCl, the mixture was washed five times in 
OO
N
O
MgBr
O
OH
SOCl2, CH2Cl2;
MeN(OMe)H2Cl THF, 0 °C
2.13a, 49% yield 2.13, 45% yield
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Et2O, the organic layers were pooled, washed in saturated aqueous sodium bicarbonate, 
washed with brine, dried with MgSO4, filtered, and concentrated in vacuo. The resulting 
yellow oil was purified by silica gel chromatography (pentane eluent) to afford 306 mg 
(2.46 mmol, 45% yield) ketone 2.13 as a pale yellow oil. The spectral properties of 
compound 2.13 were identical to those reported in the literature.44 
Methyl 2-vinylbenzoate (2.14). Benzoate 2.14 was prepared following a modified 
literature procedure (Stille coupling).45 The spectral data for benzoate 2.14 
were identical to those reported in the literature.46 
Methyl 4-nitro-2-vinylbenzoate (2.16c). A 500 mL round bottom flash equipped with 
stirbar was charged with 2-hydroxy-4-nitrobenzoic acid (4.4 g, 24.0 mmol) and 120 mL 
tetrahydrofuran. DBU (4.00 mL, 26.7 mmol, 1.00 equiv) was added dropwise over five 
min as the mixture was allowed to stir vigorously. Iodomethane (1.50 mL, 24.0 mmol, 
1.00 equiv) was hen added, and the mixture was allowed to stir at 22 ºC for 48 h. Mixture 
was then diluted in 100 mL ethyl acetate, quenched in 100 mL water, layers were 
separated, aqueous layer was washed three times in ethyl acetate, organics were pooled, 
washed with brine, dried with MgSO4, filtered, concentrated in vacuo, delivering 2.16a 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(44) Nishizawa, M.; Noyori, R. Bull. Chem. Soc. Jpn. 1981, 54, 2233-2234. 
(45). Matos, M.-C.; Murphy, P. V. J. Org. Chem. 2007, 72, 1803-1806. 
(46) Lebel, H.; Davi, M.; Díez-Gonzalèz, S.; Nolan, S. P. J. Org. Chem. 2007, 72, 144-149. 
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(3.36 g, 17.1 mmol, 71% yield) as a yellow solid. Methyl ester 2.16a was found to be 
>98% pure by 400 MHz 1H NMR analysis and was carried forward without purification.  
Methyl ester 2.16a was dissolved in 40 mL pyridine in a 250 mL round bottom 
flask, and the resulting solution was cooled to 0 ºC on an ice bath. Triflic anhydride was 
added dropwise by syringe (exotherm!), and the resulting mixture stirred as it slowly 
warmed to 22 ºC over 24 h. The reaction was quenched in water, the resulting solution 
was acidified to pH 1 using concentrated HCl, and the resulting solution was washed with 
ethyl acetate three times. The organic layers were pooled, washed once in saturated 
aqueous sodium bicarbonate, washed once with brine, dried with MgSO4, filtered, and 
concentrated in vacuo. The resulting yellow oil was purified by flash chromatography 
(10% Et2O in petroleum ether eluent), affording 1.65 g (5.00 mmol, 49% yield) aryl 
triflate 2.16b as a yellow oil.   
Aryl triflate 2.16b was dissolved in THF (50 mL) in a 250 mL round bottom flask 
equipped with stirbar and reflux condenser, containing 174 mg (0.15 mmol, 3.0 mol %)  
palladium tetrakis(triphenylphosphine), and 636 mg (15.0 mmol, 3.00 equiv) LiCl. 
Vinyltributylstannane (1.60 mL, 5.50 mmol, 1.10 equiv) was then added and the mixture 
was heated to reflux for 8 h. Mixture was diluted in Et2O, filtered through celite, the filter 
cake was washed thoroughly in Et2O, filtrate and washings were combined and 
concentrated in vacuo to afford a brown oil. The product was purified by silica gel 
chromatography (5% Et2O in pentane eluent), whch delivered 442 mg (2.13 mmol, 43% 
yield) of styrene 2.16c as a yellow solid. IR: 3431 (w), 3105 (m), 3006 (w), 2957 (w), 
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2924 (w), 2853 (w), 1956 (w), 1862 (w), 1728 (s), 1631 (w), 1610 (w), 1582 (w), 1530 
(s), 1477 (w), 1457 (w), 1439 (w), 1350 (w), 1305 (m), 1258 (w), 1203 (w), 1157 (w), 
1142 (w), 1111 (w), 972 (w), 961 (w), 936 (w), 912 (w), 857 (w), 822 (w), 794 (w), 742 
(w), 725 (w) cm-1; 
Methyl 6-methyl-2-vinylbenzoate (2.17b). Following the procedure described above for 
the synthesis of 2.16a, 1.00 g (4.65 mmol) 2-bromo-6-methylbenozic acid was converted 
to 1.08 g (4.65 mmol, >98% yield) methyl ester 2.17a, which was obtained as an orange 
oil. The unpurified ester 2.17a was then subjected to the Stille coupling conditions 
described for the synthesis of 2.16c, and 57.4 mg (0.326 mmol, 7% yield) styrene 2.17b 
was obtained as a yellow oil. IR: 2952 (w), 2850 (w), 1724 (s), 1630 (w), 1590 (w), 1573 
(m), 1437 (s), 1382 (w), 1266 (s), 1189 (w), 1172 (w), 1117 (m), 1079 (m), 1032 (w), 987 
(w), 957 (w), 918 (m), 827 (m), 798 (m), 775 (w), 740 (w) cm-1; 
2-vinylacetophenone (2.18a).  2-vinylphenylmagnesium bromide was prepared from 2-	  
bromostyrene and magnesium turnings in diethyl ether (0.36 M). The Grignard 
reagent (21 mL, 7.56 mmol) was then added dropwise to a solution of 5 mL 
(53.0 mmol, 7.00 equiv) acetic anhydride in 20 mL THF at 0 ºC.  After 30 min, the 
mixture was quenched in 1M aqueous HCl, the organic layer was separated, the aqueous 
layer was washed three times in CH2Cl2, organic layers were pooled, washed with 
saturated aqueous sodium bicarbonate, washed with brine, dried with MgSO4, filtered, 
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concentrated in vacuo. The resulting yellow oil was purified by silica gel chromatography 
(2.5% Et2O in petroleum ether), delivering 967 mg (6.60 mmol, 87% yield) of ketone 
2.18a as a pale yellow oil. The spectral properties of compound 2.18a were identical to 
those reported in the literature.47 
2,2,2-trifluoro-1-(2-vinylphenyl)ethanone (2.19a). Following the procedure described 
for the synthesis of 2.18a, through the use of 2,2,2-trifluoroacetic anhydride, 
following silica gel chromatography (petroleum ether eluent), 1.57 g (8.34 
mmol, 96% yield) styrene 2.19a was obtained as a clear colorless oil. IR: 3071 (w), 1785 
(s), 1714 (w), 1626 (w), 1599 (w), 1565 (w), 1483 (w), 1449 (w), 1418 (w), 1323 (w), 
1282 (w), 1197 (m), 1180 (s), 1138 (w), 1109 (w), 1025 (w), 983 (w), 935 (s), 880 (w), 
767 (m), 739 (w), 664 (m), 607 (w), 577 (w), 528 (w), 509 (w), 466 (w), 435 (w), 418 (w) 
cm-1; 19F NMR (376 MHz, CDCl3): -79.1 ppm. 
6-Hepten-3-one (2.24). Ketone 2.24 was prepared by treatment of amide 2.13a with 
ethylmagnesium bromide. The spectral properties for ketone 2.24 were 
identical to those reported in the literature.48  
7-Octen-4-one (2.25). Ketone 2.25 was prepared by treatment of amide 2.13a with n-	  
propylmagnesium bromide. The spectral properties for ketone 2.25 were 
identical to those reported in the literature.49 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(47) Shirakawa, E.; Yamasaki, K.; Hiyama, T. Synthesis, 1998, 1544-1549. 
(48) Gribkov, D. V.; Hultzsch, K. C.; Hampel, F. J. Am. Chem. Soc. 2006, 128, 3748-3759. 
(49) Hansford, K. A.; Dettwiler, J. E.; Lubell, W. D. Org. Lett. 2003, 5, 4887-4890.  
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(allyloxy)(tert-butyl)dimethylsilane (2.29). Ether 2.29 was prepared according to a 
literature procedure.50 
1-(allyloxy)-4-methoxybenzene (2.30). Following an identical procedure for preparation  
of ester 2.10 (see above), 5.40 g (43.0 mmol) p-methoxyphenol was 
converted into 2.30, which after silica gel chromatography (10% Et2O in 
petroleum ether) was obtained as a clear colorless oil (5.69 g, 37.9 mmol, 81% yield). 
The spectral properties for ether 2.30 were identical to those reported in the literature.51 
1-(allyloxy)-4-nitrobenzene (2.31). Ether 2.31 was prepared according to a literature 
procedure.52 
 
Analysis of allylic ester derivatives: 
The ROCM products for allyl cinnamates 2.10-2.12 and for allyl esters 2.20-2.22 were 
hydrolyzed with LiOH in THF/water (10:1), and the resulting previously reported allylic 
alcohol12 was analyzed by GC (β-dex, 15 psi, 120 ºC, Z-isomer: 143.0 min and 145.3 
min; E-isomer: 151.2 min and 156.4 min). 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(50) Su, C.; Williard, P. G. Org. Lett. 2010, 12, 5378-5381.  
(51) Huang, J.-M.; Lin, Z.-Q.; Chen, D.-S. Org. Lett. 2012, 14, 22-25. 
(52) Bujok, R.; Bieniek, M.; Masnyk, M.; Michrowska, A.; Sarosiek, A.; Stepowska, H.; 
Arlt, D.; Grela, K. J. Org. Chem. 2004, 69, 6894-6896. 
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Racemic product derived from cyclopropene 2.8 and allyl alcohol  
Peak # Ret. Time Area  Area%  
1 143.01  10489  7.51% 
2 145.34  12369  8.86% 
3 151.23  58150  41.63% 
4 156.36  58663  42.00% 
 
ROCM product of cyclopropene 2.8 and allyl cinnamate 2.10  
	  
Peak # Ret. Time Area  Area%  
1 161.14  39.84  5.50% 
2 163.94  53.50  7.39% 
3 167.58  555.91  77.75% 
4 174.97  75.05  10.36% 
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 ROCM product of cyclopropene 2.8 and allyl 4-methoxycinnamate 2.11  
Peak # Ret. Time Area  Area%  
1 160.54  172.37  6.97% 
2 163.21  261.65  10.57% 
3 168.55  1803.34  72.87% 
4 174.42  237.27  9.59% 
 
 ROCM product of cyclopropene 2.8 and allyl 4-nitrocinnamate 2.12 
Peak # Ret. Time Area  Area%  
1 160.42  217.68  7.22% 
2 163.02  339.72  11.26% 
3 166.37  2183.89  72.40% 
4 174.32  275.17  9.12% 
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 ROCM product of cyclopropene 2.8 and allyl acetate 2.20 	  
Peak # Ret. Time Area  Area%  
1 150.65  5431.67  5.72% 
2 153.00  6815.45  7.17% 
3 159.03  74627.3  78.54% 
4 164.88  8143.11  8.57% 
ROCM product of cyclopropene 2.8 and allyl propionate 2.21 
Peak # Ret. Time Area  Area%  
1 159.65  126.80  5.79% 
2 162.52  153.72  7.01% 
3 166.76  1621.96  74.01% 
4 173.13  288.95  13.19% 
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ROCM product of cyclopropene 2.8 and allyl butyrate 2.22 
Peak # Ret. Time Area  Area%  
1 159.86  27.69  5.92% 
2 162.78  29.12  6.23% 
3 167.20  370.58  79.26% 
4 173.29  40.16  8.59% 
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Representative experimental procedure for Ru-catalyzed Enantioselective Ring-
Opening Metathesis/Cross-Metathesis with Cyclopropene 2.8:   
 (S,E)-2,8-Dimethyl-8-phenyldeca-1,6,9-trien-3-one (2.13b). An oven-dried one dram 
vial was charged with chiral Ru-complex 2.7 (8.0 mg, 0.008 mmol, 10 
mol%), THF (50 L), ketone 2.13 (26.3 mg, 0.212 mmol), and 
cyclopropene 2.8 (8.3 mg, 0.063 mmol). The reaction mixture was sealed under a N2 
atmosphere and allowed to stir at 22 ºC for 24 h. The reaction mixture is concentrated in 
vacuo affording a brown oil that was purified through silica gel column chromatography 
(2% diethyl ether in pentane) to afford 8.5 mg (0.033 mmol, 53% yield) of the desired 
product as a pale yellow oil, as a 71:29 mixture of E:Z isomers and 82.5:17.5 er. IR: 3143 
(w), 3083 (w), 3056 (w), 3022 (w), 2973 (m), 2926 (m), 2360 (w), 2342 (w), 1679 (s), 
1632 (w), 1599 (w), 1492 (m), 1445 (w), 1410 (w), 1368 (m), 1290 (w), 1090 (w), 1029 
(w), 1000 (w), 977 (w), 918 (m), 765 (w), 701 (m), 667 (w) cm-1; 1H NMR (CDCl3, 
400MHz):  7.30-7.27 (4H, m), 7.23-7.17 (1H, m), 6.05 (1H, dd, J =17.2, 10.4 Hz), 5.96 
(1H, s), 5.77 (1H, t, J = 0.6 Hz), 5.71 (1H, d, J =16.0, 1.4 Hz), 5.43 (1H, app dt, J =15.6, 
6.8 Hz), 5.11 (dd, J = 11.6, 1.2 Hz), 4.99 (1H, dd, J =17.6, 1.2 Hz), 2.79 (2H, t, J =7.4 
Hz), 2.41 (2H, m), 1.88 (3H, app t, J =1.0 Hz), 1.46 (3H, s); 13C NMR 
(CDCl3,100MHz):
HRMS: Calcd for C18H23O (M+H) = 255.1749, 
found: 255.1743; 

[]D
20
 +4.86
o (c = 0.02, CHCl3)   
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  (S,E)-7-methyl-7-phenylnona-5,8-dien-2-one (2.23a): Following the general 
procedure, 10.2 mg cyclopropene 2.8, 47 mg ketone 2.23, 9.0 mg Ru-catalyst 2.7 
provided 4.9 mg (0.021 mmol, 27% yield) ketone 2.23a as a yellow-
brown oil, in 88:12 E:Z, and 88:12 er. IR: 3083 (w), 3057 (w), 3022 
(w), 3002 (w), 2972 (w), 2924 (w), 1716 (s), 1634 (w), 1599 (w), 1492 (w), 1445 (w), 
1410 (w), 1365 (m), 1260 (w), 1227 (w), 1159 (m), 1073 (w), 1028 (w), 1001 (w), 977 
(w), 916 (m), 766 (w), 701 (s), 685 (w), 533 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-
isomer:  7.37-7.17 (5H, m), 6.04 (1H, dd, J =17.2, 10.4 Hz), 5.71 (1H, d, J = 16 Hz), 
5.39 (1H, app dt, J =15.6, 6.8 Hz), 5.11 (dd, J = 10.8, 1.2 Hz), 4.99 (1H, dd, J =17.6, 1.2 
Hz), 2.54 (2H, t, J =7.2 Hz), 2.39-2.33 (2H, m), 2.14 (3H, s), 1.46 (3H, s); 13C NMR 
(CDCl3,100MHz):
HRMS: Calcd for C16H21O (M+H) = 229.1592, 
found: 229.1593; 

[]D
20
 +2.48
o (c = 0.27, CHCl3) 
    
(S,E)-8-methyl-8-phenyldeca-6,9-dien-3-one (2.24a): Following the general procedure, 
9.9 mg cyclopropene 2.8, 57.3 mg ketone 2.24, 9.4 mg Ru-catalyst 2.7 
provided 11.3 mg (0.046 mmol, 62% yield) ketone 2.24a as a pale 
yellow oil, in 75:25 E:Z, and 86.5:13.5 er. IR: 3083 (w), 3057 (w), 3022 (w), 2974 (w), 
2935 (w), 2851 (w), 1714 (s), 1634 (w), 1599 (w), 1491 (w), 1458 (w), 1445 (w), 1410 
(w), 1367 (w), 1203(w), 1158 (w), 1113 (w), 1072 (w), 1028 (w), 1000 (w), 977 (m), 915 
(m), 846 (w), 765 (m), 733 (s), 700 (w), 685 (w), 550 (w), 533 (w) cm-1; 1H NMR 
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(CDCl3, 400MHz): E-isomer:  7.37-7.16 (5H, m), 6.04 (1H, dd, J =17.2, 10.4 Hz), 5.70 
(1H, app dt, J = 15.6, 1.2 Hz), 5.40 (1H, app dt, J =15.6, 6.4 Hz), 5.11 (dd, J = 10.8, 1.6 
Hz), 4.99 (1H, dd, J =17.6, 1.6 Hz), 2.52-2.46 (2H, m), 2.42 (2H, q, J = 7.4 Hz), 2.39-
2.34 (2H, m), 1.46 (3H, s), 1.05 (3H, t, J = 7.2 Hz); 13C NMR 
(CDCl3,100MHz):
HRMS: Calcd for 
C17H23O (M+H) = 243.1749, found: 243.1744; 

[]D
20 +2.86o (c = 0.17, CHCl3) 
(S,E)-9-methyl-9-phenylundeca-7,10-dien-4-one (2.25a): Following the general 
procedure, 9.9 mg cyclopropene 2.8, 52.0 mg ketone 2.25, 9.1 mg 
Ru-catalyst 2.7 provided 8.2 mg (0.032 mmol, 46% yield) aldehyde 
2.25a as a pale yellow oil, in 77:23 E:Z, and 84.5:15.5 er. IR: 3084 (w), 3057 (w), 3022 
(w), 2963 (w), 2932 (w), 2875 (w), 1712 (s), 1634 (w), 1599 (w), 1491 (w), 1445 (w), 
1409 (w), 1368 (w), 1185 (w), 1125 (w), 1073 (w), 1028 (w), 976 (w), 914 (m), 764 (m), 
733 (w), 699 (s), 647 (w), 532 (w), 415 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-
isomer:  7.37-7.16 (5H, m), 6.04 (1H, dd, J =17.2, 10.4 Hz), 5.70 (1H, dd, J = 15.6, 1.2 
Hz), 5.40 (1H, app dt, J =15.6, 6.8 Hz), 5.11 (d, J = 10.4 Hz), 4.99 (1H, d, J =17.6 Hz), 
2.50 (2H, app t, J = 7.2 Hz), 2.40-2.33 (4H, m), 1.63-1.58 (2H, m), 1.46 (3H, s), 0.91 
(3H, t, J = 7.6 Hz); 13C NMR (CDCl3):  210.7, 148.4, 146.9, 145.7, 145.4, 138.1, 137.7, 
130.5, 128.3, 127.3, 127.2, 126.3, 126.1, 112.7, 112.4, 47.6, 47.3, 45.1, 44.7, 42.7, 41.9, 
29.9, 29.2, 27.2, 25.8, 23.4, 17.5, 17.4, 14.0, 13.9; HRMS: Calcd for C18H25O (M+H) = 
257.1905, found: 257.1901; 

[]D
20 +9.73o (c = 0.25, CHCl3) 
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(S,E)-6-methyl-6-phenylocta-4,7-dienal (2.26a): Following the general procedure, 10.0 
mg cyclopropene 2.8, 32.0 mg aldehyde 2.26, 8.0 mg Ru-catalyst 2.6 
provided 4.6 mg (0.021 mmol, 28% yield) aldehyde 2.26a as a clear, 
colorless oil, in 71:29 E:Z, and 85.5:14.5 er. IR: 3083 (w), 3057 (w), 2973 (w), 2930 (w), 
2821 (w), 2720 (w), 1725 (s), 1634 (w), 1599 (w), 1492 (m), 1445 (m), 1410 (w), 1389 
(w), 1369 (w), 1028 (w), 1001 (m), 978 (m), 917 (m), 766 (m), 701 (s) cm -1; 1H NMR 
(CDCl3, 400MHz): E-isomer:  9.79 (1H, d, J = 1.6 Hz), 7.37-7.18 (5H, m), 6.04 (1H, 
dd, J =17.6, 10 Hz), 5.74 (1H, dd, J = 16.0, 1.6 Hz), 5.41 (1H, app dt, J =16, 6.4 Hz), 
5.12 (d, J = 10.8 Hz), 4.99 (1H, d, J =17.2 Hz), 2.55 (2H, app t, J = 7.2 Hz), 2.45-2.40 
(2H, m), 1.46 (3H, s); 13C NMR (CDCl3):  191.4, 148.2, 146.7, 145.6, 145.2, 138.7, 
138.3, 131.4, 129.7, 128.4, 128.3, 127.3, 127.2, 126.5, 126.3, 126.2, 112.8, 112.6, 47.9, 
47.6, 47.3, 43.7, 43.2, 29.9, 29.3, 25.8, 25.5, 21.7; HRMS: Calcd for C15H19O (M+H) = 
215.1436, found: 215.1431; 

[]D
20
 +4.36
o (c = 0.09, CHCl3) 
(S,E)-ethyl 6-methyl-6-phenylocta-4,7-dienoate (2.27a): Following the general 
procedure, 10.0 mg cyclopropene 2.8, 20.0 mg ester 2.27, 4.0 mg Ru-
catalyst 2.7 provided 10.0 mg (0.038 mmol, 51% yield) ester 2.27a as 
a pale yellow oil, in 76:24 E:Z, and 86:14 er. IR: 3084 (w), 3057 (w), 2976 (w), 2932 (w), 
1733 (s), 1634 (w), 1599 (w), 1492 (w), 1445 (w), 1411 (w), 1370 (w), 1345 (w), 1301 
(w), 1248 (w), 1155 (m), 1096 (w), 1030 (w), 1002 (w), 977 (w), 914 (m), 856 (w), 764 
m), 733 (w), 699 (s), 584 (w), 551 (w), 532 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-
isomer:  7.37-7.17 (5H, m), 6.05 (1H, dd, J =17.2, 10.4 Hz), 5.73 (1H, dd, J = 15.2 Hz), 
5.46-5.36 (1H, m, E/Z overlapping), 5.11 (d, J = 10.8, 1.6 Hz), 5.00 (1H, dd, J =17.2, 1.2 
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Hz), 4.17-4.04 (2H, m), 2.41 (4H, br s), 1.46 (3H, s), 1.24 (3H, t, J = 6.8 Hz); 13C NMR 
(CDCl3):  173.4, 147.9, 146.8, 145.6, 145.4, 138.4, 138.3, 137.9, 130.0, 128.4, 128.3, 
127.3, 127.1, 126.8, 126.3, 126.1, 112.7, 112.4, 60.5, 60.4, 47.6, 47.4, 34.5, 33.8, 29.9, 
29.1, 28.3, 25.8, 24.3, 14.5; HRMS: Calcd for C17H23O2 (M+H) = 259.1698, found: 
259.1708; 

[]D
20
 +7.40
o (c = 0.16, CHCl3) 
(S,E)-(4-methyl-4-phenylhexa-2,5-dienyloxy)benzene (2.32): Following the general 
procedure, 20.0 mg cyclopropene 2.8, 20.0 mg ether 2.28, 8.0 mg Ru-
catalyst 2.7 provided 32.6 mg (0.123 mmol, 84% yield) ether 2.32 as a 
clear, colorless oil, in 80:20 E:Z, and 88.5:11.5 er. IR: 3058 (w), 3028 (w), 2973 (w), 
2931 (w), 2870 (w), 1634 (m), 1598 (w), 1586 (w), 1493 (s), 1459 (w), 1445 (w), 1409 
(w), 1378 (w), 1335 (w), 1301 (w), 1238 (s), 1218 (w), 1172 (w), 1153 (w), 1077 (w), 
1029 (m), 1010 (w), 977 (m), 916 (m), 881 (w), 837 (w), 751 (s), 699 (s), 689 (w), 612 
(w), 588 (w), 532 (w), 509 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-isomer:  7.41-7.18 
(8H, m, E/Z overlapping), 6.97-6.87 (2H, m, E/Z overlapping), 6.10 (1H, dd, J = 17.6, 
10.8 Hz), 5.70 (1H, dt, J = 15.6, 5.6 Hz), 5.15 (d, J = 10.4, 1.2 Hz), 5.02 (1H, dd, J =17.6, 
1.2 Hz), 4.59 (2H, dd, J = 5.6, 1.2 Hz), 1.53 (3H, s); 13C NMR (CDCl3):  158.7, 158.6, 
147.1, 146.2, 145.0, 144.8, 141.1, 138.8, 129.6, 129.5, 128.6, 128.4, 127.5, 127.3, 126.6, 
126.5, 123.9, 121.4, 121.0, 120.8, 115.1, 115.0, 114.7, 113.3, 113.1, 68.9, 67.8, 64.8, 
47.7, 28.7, 25.6; HRMS: Calcd for C19H21O (M+H) = 265.1592, found: 265.1589;  
(S,E)-1-methoxy-4-(4’-methyl-4’-phenylhexa-2’,5’-dienyloxy)benzene (2.33): 
Following the general procedure, 20.0 mg cyclopropene 2.8, 20.0 mg ether 2.30, 8.0 mg 
Chapter 2, page 126
Ru-catalyst 2.7 provided ether 2.33 in 82% conv, in 75:25 E:Z, and 89.5:10.5 er. IR: 
3083 (w), 2969 (w), 2931 (w), 2857 (w), 2833 (w), 1678 (w), 
1634 (w), 1598 (w), 1505 (s), 1462 (w), 1444 (w), 1410 (w), 1377 
(w), 1288 (w), 1226 (s), 1180 (w), 1107 (w), 1073 (w), 1037 (m), 977  (w), 909 (m), 823 
(m), 765 (m), 731 (w), 699 (s), 649 (w), 522 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-
isomer:  7.41-7.18 (5H, m, E/Z overlapping), 6.88-6.81 (4H, m), 6.07 (1H, dd, J = 17.2, 
10.4 Hz), 5.79-5.64 (1H, m), 5.14 (1H, d, J = 9.2, 1.2 Hz), 5.02 (1H, dd, J =17.6, 1.2 Hz), 
4.53 (2H, dd, J = 5.6, 1.6 Hz), 1.46 (3H, s); 13C NMR (CDCl3):  154.1, 153.0, 146.2, 
145.0, 141.0, 128.4, 127.3, 126.5, 124.1, 116.3, 115.7, 114.8, 113.2, 69.8, 55.9, 47.7, 
29.9, 25.6; HRMS: Calcd for C20H23O2 (M+H) = 295.1698, found: 295.1689; 
 (S,E)-1-(4’-methyl-4’-phenylhexa-2’,5’-dienyloxy)-4-nitrobenzene (2.34): Following 
the general procedure, 18.0 mg cyclopropene 2.8, 11.0 mg ether 
2.31, 4.0 mg Ru-catalyst 7 provided ether 2.34 in 77% conv, in 
75:25 E:Z, and 87.5:12.5 er. IR: 3084 (w), 2974 (w), 2931 (w), 2872 (w), 1634 (w), 1607 
(m), 1591 (w), 1510 (w), 1495 (m), 1459 (m), 1445 (w), 1410 (w), 1380 (w), 1339 (w), 
1331 (s), 1298 (s), 1253 (w), 1172 (s), 1110 (w), 1074 (m), 977 (m), 908 (m), 861 (w), 
843 (m), 806 (w), 765 (w), 752 (w), 730 (s), 699 (w), 659 (w), 630 (w), 617 (w), 533 (w), 
498 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-isomer:  8.22-8.18 (2H, m), 7.33-7.21 
(5H, m), 6.99-6.95 (2H, m), 6.13-6.04 (1H, m), 5.67 (1H, app dt, J = 15.6, 5.6 Hz), 5.18 
(1H, dd, J = 10.8, 1.2 Hz), 5.03 (1H, dd, J =17.6, 1.2 Hz), 4.67 (2H, dd, J = 5.6, 1.6 Hz), 
1.54 (3H, s); 13C NMR (CDCl3):  163.9, 145.8, 144.7, 142.4, 141.8, 139.4, 128.5, 
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127.3, 126.7, 122.4, 115.0, 113.6, 69.6, 47.8, 25.5; HRMS: Calcd for C19H20NO3 (M+H) 
= 310.1443, found: 310.1444;  
(S,E)-(5-methylhepta-3,6-diene-1,5-diyl)-dibenzene (2.38): Following the general 
procedure, 16.9 mg cyclopropene 2.8, 14.4 mg homoallylbenzene 
2.35, 4.1 mg Ru-catalyst 2.7 provided 12.9 mg (0.0492 mmol, 45% 
yield) diene 2.38 in 67:33 E:Z, and 85.5:14.5 er. IR: 3083 (w), 3060 (w), 3025 (w), 2970 
(w), 2925 (w), 2853 (w), 1633 (w), 1600 (w), 1493 (w), 1453 (w), 1445 (w), 1409 (w), 
1368 (w), 1073 (w), 1029 (w), 1000 (w), 975 (m), 913 (m), 762 (m), 746 (m), 696 (s), 
570 (w), 547 (w), 531 (w), 494 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-isomer:  7.45-
7.11 (10H, m), 6.03 (1H, dd, J = 17.2, 10.4 Hz), 5.64 (1H, d), 5.49-5.40 (1H, m), 5.08 
(1H, dd, J = 10.8, 1.2 Hz), 4.96 (1H, dd, J =17.2, 1.2 Hz), 2.77-2.70 (2H, m), 2.43-2.37 
(2H, m), 1.43 (3H, s); 13C NMR (CDCl3):  147.0, 145.8, 142.1, 139.3, 137.9, 137.3, 
128.8, 128.5, 128.3, 128.2, 128.0, 127.3, 126.2, 125.9, 112.5, 47.6, 36.2, 34.8, 29.9, 25.8; 
LRMS: Calcd for C20H22 (M
+) = 263.17, found: 263.19; 

[]D
20
 +2.00
o (c = 0.11, CHCl3) 
(S,E)-(4-methylhexa-2,5-diene-1,4-diyl)-dibenzene (2.39): Following the general 
procedure, 19.4 mg cyclopropene 2.8, 12.6 mg allylbenzene 2.36, 4.4 
mg Ru-catalyst 2.7 provided 19.5 mg (0.079 mmol, 73% yield) diene 
2.39 in 75:25 E:Z, and 88:12 er. IR: 3083 (w), 3059 (w), 3025 (w), 2970 (w), 2924 (w), 
1633 (w), 1600 (w), 1493 (m), 1445 (w), 1409 (w), 1368 (w), 1306 (w), 1185 (w), 1156 
(w), 1073 (w), 1029 (w), 1001 (w), 975 (w), 913 (m), 842 (w), 762 (w), 746 (w), 696 (s), 
584 (w), 565 (w), 532 (w), 485 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-isomer:  7.40-
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7.14 (10H, m), 6.51-6.47 (1H, m), 6.43-6.35 (1H, m), 5.15 (1H, dm, J = 10.8 Hz), 5.05 
(1H, dm, J =17.2 Hz), 3.58 (2H, d, J = 6.8 Hz), 1.53 (3H, s); 13C NMR (CDCl3):  
146.9, 145.7, 145.6, 141.0, 138.7, 137.3, 130.8, 130.6, 128.7, 128.6, 128.5, 128.4, 128.3, 
127.6, 127.3, 127.2, 126.3, 126.2, 112.7, 112.4, 47.7, 39.4, 39.2, 35.1, 29.3, 25.9; 
HRMS: Calcd for C19H21 (M
+) = 249.1643, found: 249.1632;  
(S,E)-(1-cyclohexyl)-3-methylpenta-1,4-dien-3-yl)benzene (2.40): Following the 
general procedure, 10.0 mg cyclopropene 2.8, 12.6 mg vinylcyclohexane 
2.40, 8.0 mg Ru-catalyst 2.7 provided 16.9 mg (0.070 mmol, 68% yield) 
diene 2.40 in 90:10 E:Z, and 97:3 er. IR: 3083 (w), 3058 (w), 3023 (w), 2922 (w), 2850 
(w), 1634 (w), 1600 (w), 1492 (w), 1446 (m), 1409 (w), 1368 (w), 1260 (w), 1070 (w), 
1028 (w), 1000 (w), 975 (m), 911 (m), 892 (w), 843 (w), 763 (m), 734 (w), 698 (s), 565 
(w), 538 (w) cm-1; 1H NMR (CDCl3, 400MHz): E-isomer:  7.45-7.17 (5H, m), 6.06 
(1H, dd, J = 17.2, 10.4 Hz), 5.62 (1H, d, J = 16 Hz), 5.37 (1H, dd, J = 15.6, 6.8 Hz), 5.10 
(1H, dd, J =10.4, 1.2 Hz), 4.99 (1H, dd, J = 17.2, 1.2 Hz), 1.75-1.63 (5H, m), 1.45 (3H, 
s), 1.32-1.08 (6H. m); 13C NMR (CDCl3):  147.4, 146.1, 134.9, 134.6, 128.2, 128.1, 
18.0, 127.8, 127.4, 127.3, 126.3, 126.1, 112.4, 47.7, 41.1, 37.3, 33.5, 32.8, 32.4, 31.1, 
30.2, 29.9, 29.4, 29.3, 28.8, 26.4, 26.3, 26.0, 25.8, 24.9, 17.1, 16.8; HRMS: Calcd for 
C18H25 (M+H) = 241.1956, found: 241.1967; 

[]D
20
 +0.85
o (c = 1.13, CDCl3). 
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ROCM product of cyclopropene 2.8 and ketone 2.13 (racemic) 
 
 
   Peak#  Ret. Time Area  Area% 
   1  86.93  9992552  18.737 
   2  92.85  20941340 39.266  
   3  99.59  22397800 41.997  
 
ROCM product of cyclopropene 2.8 and ketone 2.12 (enantiomerically enriched) 
Peak#  Ret. Time Area  Area% 
   1  101.36  7620958  32.156 
   2  108.17  13300970 56.123  
   3  117.18  2777869  11.721  
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ROCM product of cyclopropene 2.8 and enone 2.23 (racemic) 
Peak# Ret. Time Area  Area% 
   1 20.58  1650016  11.43 
   2 23.26  1623047  11.24 
   3 29.90  5740330  39.77 
   4 38.19  5421423  37.56 
 
ROCM product of cyclopropene 2.8 and enone 2.23 (enantiomerically enriched) 
Peak# Ret. Time Area  Area% 
   1 22.27  2316465  10.08 
   2 24.93  2811755  12.23 
   3 31.20  15728800 68.41 
   4 38.85  2136132  9.29 
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ROCM product of cyclopropene 2.8 and enone 2.24 (racemic) 
Peak# Ret. Time Area  Area% 
   1 78.76  360459  8.17 
   2 81.78  468136  10.61 
   3 92.25  1737150  39.37 
   4 97.76  1757146  39.82 
 
ROCM product of cyclopropene 2.8 and enone 2.24 (enantiomerically enriched) 
Peak# Ret. Time Area  Area% 
   1 45.19  299706  7.64 
   2 48.02  892143  22.87 
   3 52.45  2279853  58.45 
   4 59.54  428789  10.99 
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 ROCM of cyclopropene 2.8 and enone 2.25 (racemic) 
Peak# Ret. Time Area  Area% 
   1 71.31  418616  8.89 
   2 74.86  537360  11.41 
   3 83.60  1826122  38.77 
   4 90.10  1927945  40.93 
 
ROCM product of cyclopropene 2.8 and enone 2.25 (enantiomerically enriched) 
Peak# Ret. Time Area  Area% 
   1 70.93  1423672  9.04 
   2 74.40  2226234  14.13 
   3 82.71  10224390 64.91 
   4 91.17  1878003  11.92 
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 ROCM product of cyclopropene 2.8 and aldehyde 2.26 (racemic, NaBH4 reduction 
product) 
Peak# Ret. Time Area  Area% 
   1 41.91  2717774  7.90 
   2 48.17  2844436  8.26 
   3 60.89  14326400 41.62 
   4 78.32  14531860 42.22 
 
ROCM product of cyclopropene 2.8 and aldehyde 2.26 (enantiomerically enriched, 
NaBH4 reduction product) 
Peak# Ret. Time Area  Area% 
   1 41.22  628274  11.73 
   2 47.54  672290  12.55 
   3 60.62  3487028  65.12 
   4 77.83  567385  10.60 
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ROCM of cyclopropene 2.8 and ester 2.28 (racemic) 
 
Peak# Ret. Time Area  Area% 
   1 41.22  628274  11.73 
   2 47.54  672290  12.55 
 
ROCM product of cyclopropene 2.8 and ester 2.28 (enantiomerically enriched) 
Peak# Ret. Time Area  Area% 
   1 65.23  731750  14.14 
   2 75.40  4443734  85.86 
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ROCM product of cyclopropene 2.8 and ether 2.32 (racemic) 
Peak# Ret. Time Area  Area% 
   1 11.10  2743241  5.793 
   2 11.44  5754685  12.153 
   3 13.57  19050290 40.231 
   4 15.64  19803980 41.823 
 
ROCM product of cyclopropene 2.8 and ether 2.32 (enantiomerically enriched) 
 
 
 
 
 
 
 
 
 
Peak# Ret. Time Area  Area% 
   1 11.14  15232780 87.172 
   2 12.82  2241585  12.828 
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ROCM of cyclopropene 2.8 and ether 2.33 (racemic) 
Peak# Ret. Time Area  Area% 
   1 20.79  2111351  49.270 
   2 24.55  2173925  50.730 
 
RCOM of cyclopropene 2.8 and ether 2.33 (enantiomerically enriched) 
Peak# Ret. Time Area  Area% 
   3 20.52  8302690  89.49 
   5 24.24  974600  10.51 
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ROCM of cyclopropene 2.8 and ether 3.34 (racemic) 
Peak# Ret. Time Area  Area% 
   1 36.24  2101803  49.95 
   2 54.97  2106455  50.05 
 
ROCM product of cyclopropene 2.8 and ether 2.34 (enantiomerically enriched) 
Peak# Ret. Time Area  Area% 
   1 35.63  43471880 87.37 
   2 54.33  6282631  12.63 
 
 
 
 
Chapter 2, page 138
ROCM product of cyclopropene 2.8 and homoallylbenzene 2.35 (racemic) 
 
Peak# Ret. Time Area  Area% 
   1 39.62  1012662  4.94 
   2 41.18  1330974  6.49 
   3 48.94  8865831  43.23 
   4 51.36  9300076  45.35 
 
ROCM product of cyclopropene 2.8 and homoallylbenzene 2.35 (enantiomerically enriched) 
Peak# Ret. Time Area  Area% 
   1 38.78  1117462  11.24 
   2 40.49  1456622  14.66 
   3 47.82  6310033  63.49 
   4 50.70  1054763  10.61 
Chapter 2, page 139
ROCM product of cyclopropene 2.8 and allylbenzene 2.36 (hydroborated product, racemic) 
Peak# Ret. Time Area  Area% 
   1 40.33  11031530 44.11 
   2 50.15  1405081  5.62 
   3 63.12  11146850 44.57 
   4 92.66  1424933  5.70 
 
ROCM product of cyclopropene 2.8 and allylbenzene 2.36 (hydroborated product, enriched) 
 
Peak# Ret. Time Area  Area% 
   1 42.21  837294  10.15 
   2 52.17  530543  6.43 
   3 65.93  6004673  72.82 
   4 95.26  873691  10.60 
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ROCM product of cyclopropene 2.8 and vinylcyclohexane 2.40 (hydroborated product, racemic) 
Peak# Ret. Time Area  Area% 
   1 22.08  2096183  29.34 
   2 25.69  2515164  35.20 
   3 28.67  2533251  35.46 
 
ROCM product of cyclopropene 2.8 and vinylcyclohexane 2.40 (hydroborated product, 
enantiomerically enriched) 
Peak# Ret. Time Area  Area% 
   1 21.82  1345409  15.94 
   2 26.05  6873387  81.43 
   3 28.38  222161  2.63 
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Ru-complex 2.15. Following the general procedure, 29.2 mg cyclopropene 2.8, 86.4 mg 
styrene 2.14, 20.0 mg Ru-catalyst 2.7, after 24 h the mixture was concentrated in vacuo 
and purified by silica gel chromatography (short plug in a pipette column) to afford 7.9 
mg (0.009 mmol, 42% yield) Ru-complex 2.15 as a green solid, m.p. = 135 ºC (dec.). 
Diagnostic spectral data: 1H NMR (400 MHz) carbene proton: δ 17.3 (1H, s); 13C 
NMR (100 MHz) carbonyl carbon: δ 173.9; IR (carbonyl stretch): 1654 (m) cm-1; 
LRMS: Calcd fro C45H40IN2O3Ru: 885.11, found: 885.09. 
Ru-complex 2.16. Following the general procedure, 12.7 mg cyclopropene 2.8, 50.0 mg 
styrene 2.16c, 9.6 mg Ru-catalyst 2.17, after 24 h the mixture was concentrated in vacuo 
and purified by silica gel chromatography (short plug in a pipette column) to afford 6.6 
mg (0.0067 mmol, 71% yield) Ru-complex 2.16 as a red brown solid, m.p. = 122 ºC 
(dec.). Diagnostic spectral data: 1H NMR (400 MHz) carbene proton: δ 17.1 (1H, s); 
IR (carbonyl stretch): 1664 (m) cm-1; HRMS: Calcd fro C45H39IN3O5Ru: 952.0810, 
found: 952.0848. 
Ru-complex 2.17. Following the general procedure, 12.0 mg cyclopropene 2.8, 23.7 mg 
styrene 2.17b, 10.0 mg Ru-catalyst 2.17, after 24 h the mixture was concentrated in 
vacuo and purified by silica gel chromatography (short plug in a pipette column) to afford 
1.3 mg (0.0015 mmol, 12% yield) Ru-complex 2.17 as an olive green solid, m.p. = 135 
ºC (dec.). Diagnostic spectral data: 1H NMR (400 MHz) carbene proton: δ 17.3 (1H, s); 
IR (carbonyl stretch): 1647 (m) cm-1; HRMS: Calcd for C46H42IN2O3RuNa: 921.1103, 
found: 921.1070. 
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Ru-complex 2.18. Following the general procedure, 18.8 mg cyclopropene 2.8, 36.0 mg 
styrene 2.18a, 8.8 mg Ru-catalyst 2.7, after 24 h the mixture was concentrated in vacuo 
and purified by silica gel chromatography (short plug in a pipette column) to afford 6.3 
mg (0.007 mmol, 81% yield) Ru-complex 2.18 as an olive green solid, m.p. = 120 ºC 
(dec.). Diagnostic spectral data: 1H NMR (400 MHz) carbene proton: δ 17.3 (1H, s); 
13C NMR (100 MHz) carbonyl carbon: δ 207.7; IR (carbonyl stretch): 1654 (m) cm-1; 
HRMS: Calcd for C45H40IN2O2RuNa: 891.0997, found: 891.1011. 
Ru-complex 2.19. Following the general procedure, 18.8 mg cyclopropene 2.8, 36.0 mg 
styrene 2.19a, 8.8 mg Ru-catalyst 2.7, after 24 h the mixture was concentrated in vacuo 
and purified by silica gel chromatography (short plug in a pipette column) to afford 6.3 
mg (0.007 mmol, 81% yield) Ru-complex 2.19 as an olive green solid, m.p. = 120 ºC 
(dec.). Diagnostic spectral data: 1H NMR (400 MHz) carbene proton: δ 17.2 (1H, s); 
19F NMR (376 MHz): δ -69.8 ppm; IR (carbonyl stretch): 1727 (w) cm-1; HRMS: 
Calcd for C45H40IN2O2RuNa: 945.0715, found: 945.0737. 
1-(methoxymethoxy)-4-(prop-1-en-2-yl)benzene (2.48). KHMDS (3.66 g, 18.4 mmol) 
and MePPh3Br (5.64g, 15.8 mmol) were dissolved in 65 mL of dry THF 
and allowed to  stir under an atmosphere of nitrogen for four hours. The 
mixture was then cooled to -78 ºC and commercially available acetophenone 2.47 (2.33 
g, 12.9 mmol) was added dropwise as a solution in 15 mL of dry THF. The mixture was 
then allowed to warm to room temperature and stir overnight. The reaction was quenched 
with addition of water, washed three times with Et2O, and the organics were pooled and 
MOMO
Me
2.48
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washed with water and brine. The solution was dried over MgSO4, filtered and 
concentrated in vacuo. Following silica gel chromatography (50:1 hexanes:EtOAc 
followed by 20:1 hexanes:EtOAc), olefin 2.48 (1.80 g, 78 % yield) was obtained as a 
colorless oil. IR: 3086 (w), 3044 (w), 2052 (m), 2898 (m), 2849 (w), 2826 (w), 2789 (w), 
1627 (w), 1607 (m), 1511 (s), 1441 (w), 1375 (w), 1312 (m), 1278 (w), 1237 (s), 1202 
(m), 1179 (m), 1152 (s), 1120 (w), 1080 (s), 1003 (s), 922 (m), 887 (m), 837 (s). 1H 
NMR (400 MHz): δ 7.43-7.39 (2H, m), 7.20-6.98 (2H, m), 5.30-5.28 (1H, m), 5.18 (2H, 
s), 5.02-5.00 (1H, m), 3.48 (3H, s), 2.13 (3H, m). 13C NMR (100 MHz): δ 156.8, 142.7, 
135.2, 126.8, 116.0, 111.2, 94.6, 56.1, 22.0; HRMS: Calcd. For C11H15O2: 179.10720, 
Found: 179.10699. 
(+/-)-1-(2,2-dibromo-1-methylcyclopropyl)-4-(methoxymethoxy)benzene (2.49). 
Olefin 2.48 (1.80 g, 10.1 mmol), bromoform (1.76 mL, 20.3 mmol), 
and cetrimide  (13.6 mg, 0.040 mmol) were mixed and cooled to 0 ºC. 
Aqueous NaOH (50% by weight, 8 mL) was then added dropwise. The 
reaction was allowed to warm to room temperature and stir overnight. The reaction was 
quenched with addition of water, washed three times with dichloromethane, and the 
organics were pooled and washed with 1M HCl and brine. The solution was dried over 
MgSO4, filtered, and concentrated in vacuo. Following silica gel chromatography (50:1 
hexanes:EtOAc followed by 25:1 hexanes:EtOAc), cyclopropane 2.49 (2.85 g, 80% 
yield) was obtained as a red-orange oil. IR: 2957 (w), 2925 (m), 2851 (w), 2825 (w), 
1729 (w), 1609 (w), 1512 (s), 1443 (w), 1377 (w), 1307 (w), 1233 (s), 1199 (m), 1176 
(w), 1152 (s), 1114 (w), 1078 (s), 1000 (s), 922 (m), 833 (m), 692 (m), 569 (w), 532 (w). 
MOMO
Me
2.49
Br
Br
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1H NMR (400 MHz): δ 7.24-7.20 (2H, m), 7.04-7.00 (2H, m), 5.17 (2H, s), 3.49 (3H, s), 
2.12 (1H, d, J = 7.6 Hz), 1.75 (1H, d, J = 7.6 Hz), 1.69 (3H, s). 13C NMR (100 MHz): δ 
156.5, 135.9, 129.7, 116.2, 94.6, 56.2, 37.5, 34.0, 29.9, 27.9;  Calcd. For 
C12H1579Br181Br1O2: 350.94183. Found: 350.94115. 
(+/-)-1-(2-bromo-1-methylcyclopropyl)-4-(methoxymethoxy)benzene (2.50) 
Cyclopropane 2.49 (2.85 g, 8.14 mmol) and titanium (IV) isopropoxide 
were dissolved in 10 mL dry, degassed Et2O under an atmosphere of 
nitrogen. Ethyl magnesium bromide  (10.6 mmol) was then added dropwise as a solution 
in 17 mL dry, degassed Et2O. The reaction was allowed to stir for 45 minutes and then 
quenched upon addition of water. 20% H2SO4 was then added and the mixture was 
allowed to stir for 15 minutes. The mixture was washed three times with Et2O, organics 
were pooled and washed with brine, dried over MgSO4, filtered, and concentrated in 
vacuo. Following silica gel chromatography (50:1 hexanes:EtOAc followed by 25:1 
hexanes:EtOAc followed by  10:1 hexanes:EtOAc), cyclopropane 2.50 (1.92 g, 92 % 
yield) was obtained as a colorless oil and a mixture of diastereomers (dr 1.55:1). IR: 
3041 (w), 2957 (m), 2926 (w), 2898 (w), 2825 (w), 2787 (w), 1610 (w), 1581 (w), 1514 
(s), 1442 (w), 1406 (w), 1379 (w), 1336 (w), 1310 (w), 1232 (s), 1199 (m), 1176 (m), 
1153 (s), 1111 (w), 1079 (s), 1004 (s), 922 (m), 834 (m), 657 (w), 614 (w), 559 (w). 1H 
NMR (400 MHz): δ 7.25-7.21 (2H, m, minor), 7.18-7.14 (2H, m, major), 7.04-7.00 (2H, 
m, minor), 6.98-6.94 (2H, m, major), 5.18-5.16 (2H, s, minor), 5.14-5.16 (2H, s, major), 
3.50-3.48 (3H, s, minor), 3.46-3.48 (3H, m, major), 3.18 (1H, dd, major, J = 8.0 Hz, 4.8 
Hz), 3.07 (1H, dd, minor, J = 6.8 Hz, 5.2 Hz), 1.62-1.58 (1H, m, minor), 1.58 (3H, s, 
MOMO
Me
2.50
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major), 1.42 (3H, s, minor), 1.35-1.33 (1H, m, major and minor overlap), 1.03 (1H, dd, 
major, J = 6.4 Hz, 5.2 Hz). 13C NMR (100 MHz): δ 130.6, 128.4, 116.5, 116, 94.69, 
94.65, 56.2, 30.7, 28.7, 27.3, 24.3, 23.4, 22.4; HRMS: Calcd. For C12H16
79Br1O2: 
271.03337. Found: 271.03271. 
1-(methoxymethoxy)-4-(1-methylcycloprop-2-en-1-yl)benzene (2.51) KOtBu (1.64 g, 
14.6 mmol) was stirred in 60 mL dry DMSO for two hours under an 
atmosphere of nitrogen. Cyclopropane 2.50 (2.69g, 10.5 mmol) was 
added and the reaction was allowed to stir overnight. The reaction was quenched upon 
addition of cold water, and the mixture was washed five times with Et2O. The organics 
were pooled, washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. 
Following silica gel chromatography (25:1 hexanes:EtOAc) cyclopropene 2.51 (1.34 g, 
7.04 mmol, 67% yield) was obtained as a yellow oil. IR: 3094 (w), 3037 (w), 2950 (w), 
2896 (w), 2825 (w), 2787 (w), 1637 (m), 1608 (w), 1579 (w), 1508 (s), 1451 (w), 1406 
(w), 1373 (w), 1307 (w), 1288 (w), 1231 (s), 1197 (m), 1176 (m), 1150 (s), 1113 (m), 
1077 (s), 996 (s), 921 (m), 874 (w), 837 (s), 791 (w), 771 (w), 725 (w), 644 (m), 601 (s), 
545 (m), 450 (w). 1H NMR (400 MHz): δ 7.26 (2H, s), 7.16-7.12 (2H, m), 7.00-6.96 
(2H, m), 5.15 (2H, s), 3.47 (3H, s), 1.61 (3H, s). 13C NMR (100 MHz): δ 155.1, 143.7, 
127.2, 116.1, 115.9, 94.8, 56.1, 25.8, 21.1; HRMS: Calcd. For C12H15O2: 191.10720. 
Found: 191.10787. 
(S,E)-4-(4-(methoxymethoxy)phenyl)-4-methylhexa-2,5-dien-1-yl acetate (2.52) 
Cyclopropene 2.51 (265 mg, 1.39 mmol), allyl acetate (766 mg, 7.66 
mmol), and ruthenium catalyst 2.7 (67 mg, 0.070 mmol) were 
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combined in a N2-filled glovebox and allowed to stir for 18 h. The mixture was 
concentrated, and following silica gel chromatography (25:1 hexanes:EtOAc), acetate 
2.51 (195 mg, 0.672 mmol, 48 % yield) was obtained as a colorless oil (4.4:1 E:Z). IR: 
2967 (w), 2898 (w), 2826 (w), 1738 (m), 1633 (w), 1607 (w), 1581 (w), 1508 (m), 1443 
(w), 1409 (w), 1369 (w), 1308 (w), 1231 (s), 1202 (m), 1179 (m), 1152 (s), 1113 (w), 
1079 (m), 1001 (s), 921 (m), 834 (m), 738 (w), 657 (w), 609 (w), 549 (w), 421 (w). 1H 
NMR (400 MHz): δ 7.23-7.18 (E/Z, 2H, m), 7.00-6.96 (E/Z, 2H, m) 6.14 (Z, 1H, dd, J = 
17.6 Hz, 10.4 Hz), 6.03 (E, 1H, dd, J = 17.6 Hz, 10.4 Hz), 5.97 (E, 1H, ddd, J = 16 Hz, 
1.6 Hz, 1.6 Hz), 5.79 (Z, 1H, ddd, J = 12 Hz, 1.6 Hz, 1.6 Hz), 5.57-5.48 (E/Z, 1H, m), 
5.16-4.98 (E/Z, 2H, m), 5.16 (E/Z, 2H, s), 4.60 (E, 2H, dd, J = 6 Hz, 1.2 Hz), 4.27 (Z, 2H, 
dddd, J = 23.2 Hz, 13.6 Hz, 6.4 Hz, 1.6 Hz), 3.48 (E/Z, 3H, s), 2.07 (E, 3H, s), 1.99 (Z, 
3H, s), 1.48 (E/Z, 3H, s). 13C NMR (100 MHz): δ 170.9, 170.6, 155.6, 144.9, 144.8, 
142.0, 140.2, 140.0, 139.1, 128.2, 128.1, 128.0, 126.8, 126.6, 125.4, 122.3, 116.0, 115.9, 
112.9, 112.7, 94.50, 94.47, 65.1, 61.2, 55.9, 46.92, 46.85, 28.5, 25.4, 21.0, 20.9. HRMS: 
Calcd. For C17H22O4 + NH4
+: 308.18618. Found: 308.18720. 

[]D
20 +3.59º (c 1.47, 
CDCl3) for 86:14 er (by HPLC of corresponding alcohol). 
(S,E)-4-(4-(methoxymethoxy)phenyl)-4-methylhexa-2,5-dien-1-ol (2.53). Acetate 2.52 
(195 mg, 0.672 mmol), LiOH (320 mg, 13.4 mmol), 7 mL of THF, and 
1 mL of water were combined and allowed to stir at reflux overnight. 
The reaction was quenched with aqueous NH4Cl, washed five times with EtOAc, dried 
over MgSO4, filtered, and concentrated in vacuo. Following silica gel chromatography 
(5:1 hexanes:EtOAc follwed by 4:1 hexanes:EtOAc), alcohol 2.53 (100 mg, 0.0.403 
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mmol, 60 % yield) was obtained as a colorless oil (5.7:1 E:Z). IR: 3365 (b), 3083 (w), 
3036 (w), 2966 (w), 2929 (w), 2899 (w), 2850 (w), 2826 (w), 2790 (w), 1663 (w), 1633 
(w), 1607 (w), 1581 (m), 1507 (w), 1461 (w), 1408 (w), 1369 (w), 1308 (w), 1287 (w), 
1233 (m), 1201 (m), 1178 (m), 1150 (s), 1077 (m), 996 (s), 918 (s), 832 (s), 720 (w), 655 
(m), 613 (w), 545 (m). 1H NMR (400 MHz): δ 7.24-7.20 (E/Z, 2H, m), 7.00-6.95 (E/Z, 
2H, m), 6.14 (Z, 1H, dd, J = 17.6 Hz, 10.4 Hz), 6.05 (E, 1H, dd, J = 17.6 Hz, 10.4 Hz), 
5.93 (E, 1H, ddd, J = 15.6 Hz, 1.6Hz, 1.6 Hz), 5.73 (Z, 1H, dd, J = 12 Hz, 1.6 Hz, 1.6 
Hz), 5.65-5.58 (E/Z, 1H, m), 5.16 (E/Z, 2H, s), 5.13 (E, 1H, dd, J = 10.4 Hz, 1.2 Hz), 
5.12 (Z, 1H, dd, J = 10 Hz, 0.8 Hz), 5.04 (Z, 1H, dd, J = 17.2 Hz, 1.2 Hz), 5.01 (E, 1H, 
dd, J = 17.6 Hz, 1.2 Hz), 4.19 (E, 2H, dd, J = 5.6 Hz, 1.2 Hz), 3.79 (Z, 2H, dd, J = 6.4 
Hz, 0.8 Hz), 3.480 (Z, 3H, s), 3.476 (E, 3H, s), 1.488 (Z, 3H, s), 1.485 (E, 3H, s). 13C 
NMR (100 MHz): δ 155.7, 145.4, 145.3, 141.0, 139.6, 139.20, 138.6, 130.6, 128.3, 
128.0, 127.5, 116.1, 116.0, 112.8, 112.6, 94.62, 94.59, 63.9, 59.4, 56.1, 47.0, 46.8, 29.1, 
25.6. HRMS: Calcd. For C15H20O2 + NH4
+: 266.17562. Found: 266.17462. 

[]D
20
 +7.60º 
(c 0.700, CDCl3) for 86:14 er. HPLC conditions: 99:1 Hexanes: i-PrOH, 1 mL/min, 
OD(H). Retention times (for racemic), 51 minutes for major enantiommer, 58 minutes for 
minor enantiomer. 
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(S,E)-4-(4-(methoxymethoxy)phenyl)-4-methylhexa-2,5-dienal (2.54) Alcohol 2.53 
(143 mg, 0.572 mmol) was dissolved in dry, degassed Et2O and 
manganese dioxide (900 mg, 10.4 mmol) was added. The reaction was 
allowed to stir for one hour. The mixture was pushed through a plug of celite, and the 
plug was flushed with Et2O. The organics were combined and concentrated, delivering 
enal 2.54 (131 mg, 0.532 mmol, 93 % yield) as a colorless oil (4.2:1 E:Z). IR: 2958 (w), 
2927 (w), 2851 (w), 2826 (w), 1687 (s), 1627 (w), 1608 (w), 1581 (w), 1508 (s), 1463 
(w), 1410 (w), 1371 (w), 1308 (w), 1287 (w), 1235 (m), 1202 (m), 1180 (m), 1151 (s), 
1116 (m), 1078 (m), 993 (s), 920 (s), 834 (m), 794 (w), 753 (w), 737 (w), 656 (w), 591 
(w), 544 (w). 1H NMR (400 MHz): δ 9.60 (E, 1H, d, J = 8 Hz), 9.52 (Z, 1H, d, J = 8.4 
Hz), 7.20-7.16 (E/Z, 2H, m), 7.04-6.98 (E/Z, 2H, m), 6.98 (E, 1H, d, J = 16 Hz), 6.74 (Z, 
1H, d, J = 12.4 Hz), 6.23 (Z, 1H, dd, J = 17.2 Hz, 10.4 Hz), 6.09 (E, 1H, dd, J = 16 Hz, 8 
Hz), 6.07 (E, 1H, dd, J = 17.6 Hz, 10.8 Hz), 5.91 (Z, 1H, dd, J = 12 Hz, 8.4 Hz), 5.25 (E, 
1H, dd, J = 10.4 Hz, 0.8 Hz), 5.23 (Z, 1H, d, J = 10.4 Hz), 5.17 (E, 2H, s), 5.16 (Z, 2H, s), 
5.10 (Z, 1H, d, J = 17.2 Hz), 5.07 (E, 1H, dd, J = 17.6 Hz, 0.8 Hz), 3.48 (E/Z, 3H, s), 1.58 
(E/Z, 3H, s). 13C NMR (100 MHz): δ 194.2, 192.5, 163.7, 157.1, 156.3, 156.2, 145.1, 
143.0, 139.8, 137.1, 130.7, 130.0, 128.2, 128.1, 116.5, 116.4, 114.7, 114.2, 94.5, 56.2, 
56.1, 48.8, 48.1, 29.4, 24.9. HRMS: Calcd. For C15H19O3: 247.13342. Found: 247.13425. 

[]D
20
 +20.4º (c 0.680, CDCl3) for 86:14 er (as measured by HPLC of corresponding 
allylic alcohol). 
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(S)-1-(3,7-dimethylocta-1,6-dien-3-yl)-4-(methoxymethoxy)benzene (2.56) Enal 2.54 
(64 mg, 0.260 mmol), dibenzylammonium trifluoroacetate (20 mg, 
0.0650 mmol), and Hantzch ester (197 mg, 0.780 mmol) were stirred in 
6 mL of dry chloroform overnight. The reaction mixture was concentrated and filtered 
through a short silica gel plug (1:1 hexanes:Et2O). The organics were concentrated and 
filtered through a plug of sand (1:1 hexanes:Et2O). The organics were concentrated and 
unpurified aldehyde 2.55 (60 mg, 0.240 mmol, 92% yield). The unpurified aldehyde was 
then dissolved in 5 mL anhydrous THF and subjected to Wittig olefination: KHMDS 
(265 mg, 1.32 mmol) and isopropyl triphenylphosphonium iodide (520 mg, 1.20 mmol) 
were dissolved in 20 mL of anhydrous THF and allowed to stir for two and a half hours, 
during which time the mixture turned brick red. The mixture was cooled to 0 ºC and 
aldehyde 2.55 was added. The reaction was allowed to warm to 22 ºC as it stirred for 24 
h. The reaction was quenched upon addition of water, and the mixture turned orange. The 
mixture was then washed five times with EtOAc, the organics were pooled and dried over 
MgSO4, filtered, and concentrated in vacuo. Silica gel chromatography (30:1 
hexanes:EtOAc) delivered a mixture of 2.56 and triphenylphosphine oxide. The mixture 
was passed through a short AgNO3/SiO2 plug (10:1 hexanes:EtOAc) and diene 2.56 (36 
mg, 0.131 mmol, 55% yield) was obtained as a clear, colorless oil. IR: 3083 (w), 3041 
(w), 2964 (m), 2924 (m), 2855 (w), 2826 (w), 1634 (w), 1608 (w), 1581 (w), 1509 (s), 
1462 (w), 1411 (w), 1374 (w), 1308 (w), 1286 (w), 1236 (m), 1202 (w), 1181 (m), 1153 
(s), 1079 (m), 1008 (s), 921 (m), 831 (m), 735 (w), 658 (w), 614 (w), 544 (w). 1H NMR 
(400 MHz): δ 7.25-7.21 (2H, m), 6.99 (2H, m), 6.01 (1H, dd, J = 17.2 Hz, 10.8 Hz), 5.16 
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(2H, s), 5.12-5.06 (1H, m), 5.08 (1H, dd, J = 10.8 Hz, 1.6 Hz), 5.03 (1H, dd, J = 17.2 Hz, 
1.6 Hz), 3.48 (3H, s), 1.91-1.65 (4H, m), 1.66 (3H, s), 1.53 (3H, s), 1.36 (3H, s). 13C 
NMR (100 MHz): δ 155.4, 147.2, 141.1, 131.5, 127.8, 124.9, 116.0, 111.7, 94.8, 56.2, 
44.0, 41.4, 25.9, 25.2, 23.5, 17.8. HRMS: Calcd. For C18H27O2: 275.20110. Found: 
275.20004. 

[]D
20
 -1.06º (c 2.040, CDCl3) for 79.5:20.5 er (as measured by HPLC of 
Sporochnol A). 
(+)-(S)-Sporochnol (2.57). Diene 2.56 (36 mg, 0.133 mmol) was dissolved in 5 mL of dry, 
degassed toluene. DIBAL-H (235 μL, 1.31 mmol) was added and the 
reaction was allowed to stir for three hours. The reaction was quenched 
with water and aqueous HCl. The mixture was washed five times with EtOAc, the organics 
were pooled and dried over MgSO4, filtered, and concentrated in vacuo. Following silica gel 
chromatography (10:1 hexanes:EtOAc), Sporochnol A (2.57, 21 mg, 0.0912 mmol, 70% 
yield) was obtained as a colorless oil. IR: 3354 (b), 3082 (w), 2966, (m), 2922 (m), 2855 (w), 
1634 (w), 1611 (m), 1596 (w), 1511 (s), 1439 (m), 1412 (w), 1374 (m) 1295 (w), 1237 (m), 
1179 (m), 1107 (w), 1076 (w), 1013 (w), 913 (m), 829 (s), 731 (w), 652 (w), 543 (m), 448 
(w), 420 (w). 1H NMR (400 MHz): δ 7.21-7.16 (2H, m), 6.80-6.75 (2H, m), 6.01 (1H, dd, J 
= 17.2 Hz, 10.8 Hz), 5.12-5.06 (1H, m), 5.08 (1H, dd, J= 10.8 Hz, 1.6 Hz), 5.03 (1H, dd, J = 
17.2 Hz, 1.6 Hz), 4.69 (1H, bs), 1.92-1.64 (4H, m), 1.66 (3H, s), 1.52 (3H, s), 1.35 (3H, s). 
13C NMR (100 MHz): δ 153.6, 147.4, 140.0, 131.5, 128.1, 124.9, 115.0, 111.7, 43.9, 41.4, 
25.9, 25.2, 23.5, 17.8. HRMS: Calcd. For C16H23O: 231.17489. Found: 231.17470.  
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
[]D
20
 -0.48º (c 9.667, CDCl3, 10 mm path length) for 79.5:20.5 er. HPLC conditions: 99:1 
Hexanes: i-PrOH, 1 mL/min, OD(H). Retention times (for racemic), 48 minutes for major 
enantiommer, 50 minutes for minor enantiomer. 
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Hz, 1.6 Hz), 5.73 (Z, 1H, dd, J = 12 Hz, 1.6 Hz, 1.6 Hz), 5.65-5.58 (E/Z, 1H, m), 5.16 
(E/Z, 2H, s), 5.13 (E, 1H, dd, J = 10.4 Hz, 1.2 Hz), 5.12 (Z, 1H, dd, J = 10 Hz, 0.8 Hz), 
5.04 (Z, 1H, dd, J = 17.2 Hz, 1.2 Hz), 5.01 (E, 1H, dd, J = 17.6 Hz, 1.2 Hz), 4.19 (E, 2H, 
dd, J = 5.6 Hz, 1.2 Hz), 3.79 (Z, 2H, dd, J = 6.4 Hz, 0.8 Hz), 3.480 (Z, 3H, s), 3.476 (E, 
3H, s), 1.488 (Z, 3H, s), 1.485 (E, 3H, s). 13C NMR (100 MHz): δ 155.7, 145.4, 145.3, 
141.0, 139.6, 139.20, 138.6, 130.6, 128.3, 128.0, 127.5, 116.1, 116.0, 112.8, 112.6, 94.62, 
94.59, 63.9, 59.4, 56.1, 47.0, 46.8, 29.1, 25.6. HRMS Calcd. For C15H20O2 + NH4+: 
266.17562. Found: 266.17462. [α]D25 +7.60o (c 0.700, CDCl3) for 72% ee. HPLC 
conditions: 99:1 Hexanes: iPrOH, 1 mL/min, OD(H). Retention times (for racemic), 51 
minutes for major enantiommer, 58 minutes for minor enantiomer. 
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59% ee. HPLC conditions: 99:1 Hexanes: iPrOH, 1 mL/min, OD(H). Retention times (for 
racemic), 48 minutes for major enantiommer, 50 minutes for minor enantiomer. 
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 Z- and Enantioselective Ring-Opening/Cross-Metathesis (ROCM) 
(2R,4S,6S)-2-((Z)-2-Butoxyvinyl)-6-vinyltetrahydro-2H-pyran-4-ol (2.82). Following 
the general procedure, n-butylvinyl ether (240 mg, 2.40 mmol, 20.2 
equiv) was added to 2.7 (5.6 mg, 5.8 mmol, 5.0 mol %) and allowed to 
stir for 30 minutes. The mixture was transferred by syringe to a 
solution of oxabicycle 2.81 (15.0 mg, 0.119 mmol, 1.00 equiv) in C6H6 (600 L) and 
allowed to stir for eight hours. Analysis of the 400 MHz 1H NMR spectrum revealed 
>98% conv of 2.81, and product 2.82 was obtained as a 95:5 mixture of Z/E isomers. The 
resulting brown oil was purified by silica gel chromatography (10-40% diethyl ether in 
hexanes) to afford 2.82 (21.6 mg, 0.0954 mmol, 80% yield) as a colorless oil (>98:2 er, 
98% Z). The spectral data for this compound were identical to those reported in the 
literature.15

[]D
20
 –13.1 (c = 1.66, CH2Cl2) for an enantiomerically enriched sample of 
>98:2 er. The enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material [OD-H column, 99:1 hexanes:i-PrOH, 0.5 mL/min, 220 nm; 
Z-isomer: tr (major enantiomer) = 42.73 min, tr (minor enantiomer) = 54.58 min].  
 
 
 
                                                          
(15) Yu, M.; Ibrahem, I.; Hasegawa, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 
2788-2799.  
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(2R,4S,6S)-2-((Z)-2-(Cyclohexyloxy)vinyl)-6-vinyltetrahydro-2H-pyran-4-ol (2.83). 
Following the general procedure, cyclohexyl vinyl ether (301 mg, 2.39 mmol, 20.1 equiv) 
was added to 2.7 (5.7 mg, 5.7 mmol, 5.0 mol %) and allowed to stir for 
30 minutes. The mixture was transferred by syringe to a solution of 
oxabicycle 2.81 (15.0 mg, 0.119 mmol, 1.00 equiv) in C6H6 (600 L) and 
allowed to stir for 24 hours. Analysis of the 400 MHz 1H NMR spectrum revealed >98% 
conv of 2.81, and product 2.83 was obtained as a 98:2 mixture of Z/E isomers. The 
resulting brown oil was purified by silica gel chromatography (0-40% diethyl ether in 
hexanes) to afford 2.83 (19.3 mg, 0.0765 mmol, 64.0% yield) as a colorless oil (>98:2 er, 
93% Z). IR (neat): 3414 (br), 2933 (s), 2857 (s), 1666 (s), 1449 (s), 1424 (m), 1367 (s), 
1265 (s), 1229 (m), 1163 (m), 1061 (m), 1024 (m), 987 (m), 925 (s), 888 (s), 861 (s), 822 
(m), 733 (s), 703 (s), 671 (s), 606 (m), 484 (m); 1H NMR (400 MHz, CDCl3):  6.55 (E-
isomer, 1H, d, J = 12 Hz), 5.97 (1H, dd, J = 6.4, 0.8 Hz), 5.83 (1H, ddd, J = 17.6, 10.4, 
5.6 Hz), 5.18 (1H, apparent dt, J = 16, 1.6 Hz), 5.05 (1H, apparent dt, J = 10.8, 1.4 Hz), 
4.42 (1H, dd, J = 8.0, 6.4 Hz), 4.36–4.31 (1H, m), 3.86–3.81 (2H, m), 3.57–3.52 (1H, m), 
1.98-1.92 (2H, m), 1.78–1.75 (2H, m), 1.68–1.64 (2H, m), 1.45–1.43 (2H, m), 1.38-1.33 
(2H, m), 1.26-1.16 (4H, m); 13C NMR (100 MHz, CDCl3):  144.9, 138.7, 115.5, 107.2, 
80.1, 76.3, 70.5, 68.3, 41.6, 40.8, 32.5, 25.7, 23.8; HRMS (ESI+) [M-OH]+ calcd for 
C15H23O2: 235.1698, found: 235.1687; 

[]D
20
 –24.2 (c = 1.48, CH2Cl2) for an 
enantiomerically enriched sample of >98:2 er. Enantiomeric purity was determined by 
HPLC analysis of the benzoyl derivative of 2.83 (synthesized according to the above 
procedure) in comparison with authentic racemic material: 1H NMR (400 MHz, CDCl3): 
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 8.05-8.03 (2H, m), 7.57-7.51 (2H, m), 7.46-7.42 (1H, m), 6.07 (1H, d, J = 5.6 Hz), 
5.95-5.87 (1H, m), 5.31-5.24 (overlapping, 1H, dd, J = 17.2, 1.2 Hz; overlapping 1H, m), 
5.13 (1H, dd, J = 10.4, 1.2 Hz), 4.58-4.48 (2H, m), 4.08-4.03 (1H, m), 3.65-3.59 (1H, m), 
2.21-2.14 (2H, m), 1.85-1.75 (2H, m), 1.75-1.72 (2H, m), 1.59-1.38 (5H, m), 1.32-1.26 
(4H, m); AD-H column, 98:2 hexanes:i-PrOH, 0.5 mL/min, 220 nm; Z-isomer: tr (major 
enantiomer) = 8.91 min, tr (minor enantiomer) = 10.06 min].  
(2R,4S,6S)-2-((Z)-2-(4-Methoxyphenoxy)vinyl)-6-vinyltetrahydro-2H-pyran-4-ol 
(2.84).  Following the general procedure, p-methoxyphenyl vinyl ether (182 mg, 1.21 
mmol, 10.1 equiv) was added to 2.7 (5.6 mg, 5.8 mmol, 5.0 mol %) and 
allowed to stir for 30 minutes. The mixture was transferred by syringe 
to a solution of oxabicycle 2.81 (15.1 mg, 0.120 mmol, 1.00 equiv) in C6H6 (600 L) and 
allowed to stir for 24 hours. Analysis of the 400 MHz 1H NMR spectrum revealed >98% 
conv of 2.81, and product 2.84 was obtained as a 95:5 mixture of Z/E isomers. The 
resulting brown oil was purified by silica gel chromatography (10-40% diethyl ether in 
hexanes) to afford 2.84 (21.0 mg, 0.0807 mmol, 67.0% yield) as colorless oil (98:2 er, 
>98% Z). The spectral data for this compound were identical to those reported in the 
literature.15 

[]D
20
 –8.0 (c = 1.5, CH2Cl2) for an enantiomerically enriched sample of 98:2 
er. Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (OD-H column, 97:3 hexanes:i-PrOH, 1.0 mL/min, 254 nm); Z-isomer: 
tr (major enantiomer) = 54.84 min, tr (minor enantiomer) = 65.56 min.  
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(2S,4R,6R)-2-((Z)-2-(Phenylthio)vinyl)-6-vinyltetrahydro-2H-pyran-4-ol (2.85). 
Following the general procedure, phenylvinyl sulfide (326 mg, 2.39 
mmol, 20.1 equiv) was added to 2.7 (5.8 mg, 6.0 mmol, 5.0 mol %) and 
allowed to stir for five minutes. The mixture was transferred by syringe to a solution of 
oxabicycle 2.81 (15.0 mg, 0.0589 mmol, 1.00 equiv) in C6H6 (600 L) and allowed to stir 
for 24 hours. Analysis of the 400 MHz 1H NMR spectrum revealed 98% conv of 2.81, 
and product 2.85 was obtained as a 91:9 mixture of Z/E isomers. The resulting brown oil 
was purified by silica gel chromatography (10-40% diethyl ether in hexanes) to afford 
2.85 (21.5 mg, 0.0819 mmol, 69% yield) as a colorless oil (96:4 er, 91% Z). IR (neat): 
3355 (br), 3075 (m), 3016 (m), 2941 (s), 2917 (s), 2848 (m), 1647 (s), 1613 (s), 1585 (s), 
1479 (s), 1439 (s), 1426 (s), 1358 (s), 1295 (s), 1265 (s), 1227 (s), 1167 (s), 1147 (s), 
1063 (s), 1024 (s), 987 (s), 925 (s), 882 (s), 852 (s), 773 (s), 737 (s), 688 (s), 647 (s), 470 
(s), 423 (s), 400 (s); 1H NMR (400 MHz, CDCl3):  7.37-7.2 (4H, m), 7.26-7.21 (1H, 
m), 6.32 (1H, dd, J = 9.6, 1.2 Hz), 5.95-5.87 (overlapping 1H, m), 5.85 (overlapping 1H, 
dd, J = 9.6, 7.4 Hz), 5.31 (1H, apparent dt, J = 17.6, 1.2 Hz), 5.16 (1H, apparent dt, J= 
10.8, 1.2 Hz), 4.41-4.36 (1H, m), 3.98–3.91 (2H, m), 2.08–2.02 (2H, m), 1.42–1.26 (2H, 
m); 13C NMR (100 MHz, CDCl3):  138.2, 135.8, 131.8, 129.6, 129.3, 127.0, 125.6, 
115.9, 76.4, 73.5, 68.0, 40.7, 40.4; HRMS (ESI+) [M+NH4]
+ calcd for C15H22O2SN: 
280.1371, found: 280.1373; 

[]D
20
 +88.1 (c = 0.661, CH2Cl2) for an enantiomerically 
enriched sample of 96:4 er. Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material [AD-H column, 95:5 hexanes:i-PrOH, 0.5 
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mL/min, 220 nm; Z-isomer: tr (minor enantiomer) = 34.86 min, tr (major enantiomer) = 
58.82 min]. 
2R,4S,6S)-2-(Z)-2-Butoxyvinyl)-6-vinyltetrahydro-2H-pyran-4-yl)oxy)(tert-butyl)-
dimethyl-silane (2.86). Following the general procedure, n-butylvinyl ether (130 mg, 
1.30 mmol, 20.2 equiv) was added to 2.7 (3.1 mg, 3.2 mmol, 5.0 mol 
%) and allowed to stir for 30 minutes. The mixture was transferred by 
syringe to a solution of TBS-protected analogue of oxabicyclic alcohol 
2.81 (2.86a)  (15.5 mg, 0.0645 mmol, 1.00 equiv) in C6H6 (350 L) and allowed to stir 
for 24 hours. Analysis of the 400 MHz 1H NMR spectrum revealed >98% conv of 2.86a, 
and product 2.86 was obtained as a 87:13 mixture of Z/E isomers. The resulting brown oil 
was purified by silica gel chromatography (0-40% diethyl ether in hexanes) to afford 2.86 
(10.4 mg, 0.0459 mmol, 71% yield) as a colorless oil (94:6 er, 92% Z). The spectral data 
for this compound were identical to those reported in the literature.15  

[]D
20
 –1.9 (c = 
0.44, CH2Cl2) for an enantiomerically enriched sample of 94:6 er. Enantiomeric purity 
was determined by HPLC analysis of the corresponding alcohol (after removal of the 
silyl group)15 in comparison with authentic racemic material [OD-H column, 99:1 
hexanes:i-PrOH, 0.5 mL/min, 220 nm; Z-isomer: tr (major enantiomer) = 42.41 min, tr 
(minor enantiomer) = 53.23 min]. 
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(2S,4S,6R)-4-(Benzyloxy)-2-((Z)-2-butoxyvinyl)-6-vinyltetrahydro-2H-pyran (2.87).  
 Following the general procedure, n-butylvinyl ether (92.6 mg, 0.925 
mmol, 20.0 equiv) was added to 2.7 (2.2 mg, 2.3 mmol, 5.0 mol %) 
and allowed to stir for 30 minutes. The mixture was transferred by 
syringe to a vial containing the oxabicycle 2.87b (benzylated exo-isomer) (10.0 mg, 
0.0462 mmol, 1.00 equiv) and allowed to stir for 24 hours. Analysis of the 400 MHz 1H 
NMR spectrum revealed >98% conv of 2.87b, and product 2.87 was obtained as a 94:6 
mixture of Z/E isomers. The resulting brown oil was purified by silica gel 
chromatography (10% ethyl acetate in hexanes) to afford 2.87 (9.1 mg, 0.029 mmol, 62% 
yield) as a colorless oil (92:8 er, 94% Z). The spectral data for this compound were 
identical to those reported in the literature.15  

[]D
20
 –26.3 (c = 0.662, CH2Cl2) for an 
enantiomerically enriched sample of 92:8 er. Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material [OD-H column, 99.5:0.5 
hexanes:i-PrOH, 0.5 mL/min, 220 nm; Z-isomer: tr (major enantiomer) = 11.12 min, tr 
(minor enantiomer) = 15.19 min]. 
(2R,4S,6S)-2-(Z)-2-Butoxyvinyl)-4-methyl-6-vinyltetrahydro-2H-pyran-4-
yl)oxy)(tert-butyl)- dimethylsilane (2.88). Following the general procedure, n-butylvinyl 
ether (119 mg, 1.19 mmol, 20.0 equiv) was added to 2.7 (2.8 mg, 2.9 
mmol, 5.0 mol %) and allowed to stir for 30 minutes. The mixture was 
transferred by syringe to a solution of oxabicycle 2.88a (TBS protected 
tertiary alcohol derived of endo oxabicycle) (15.0 mg, 0.0589 mmol, 1.00 equiv) in C6H6 
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(300 L) and allowed to stir for 24 hours. Analysis of the 400 MHz 1H NMR spectrum 
revealed 97% conv of 2.88a, and product 2.88 was obtained as a 92:8 mixture of Z/E 
isomers. The resulting brown oil was purified by silica gel chromatography (2% diethyl 
ether in hexanes) to afford 2.88 (15.1 mg, 0.0426 mmol, 72% yield) as a colorless oil 
(95:5 er, 92% Z). IR (neat): 2956 (s), 2929 (s), 2857 (s), 1669 (s), 1472 (s), 1463 (s), 
1409 (s), 1376 (s), 1351 (s), 1301 (s), 1278 (s), 1252 (s), 1152.3 (s), 1152 (s), 1105 (s), 
1074 (s), 1045 (s), 1006 (s), 988 (s), 922 (s), 890 (s), 835 (s), 800 (s), 773 (s), 734 (s), 
663 (s); 1H NMR (400 MHz, CDCl3):  6.55 (E-isomer, 1H, d, J = 12 Hz), 5.96 (1H, dd, 
J = 6.0, 0.8 Hz), 5.85 (1H, ddd, J = 17.6, 10.8, 6.0 Hz), 5.23 (1H, apparent dt, J = 17.2, 
1.6 Hz), 5.08 (1H, apparent dt, J = 10.4, 1.2 Hz), 4.47-4.36 (2H, m), 3.92–3.87 (1H, m), 
3.77–3.71 (2H, m), 1.70–1.63 (3H, m), 1.61-1.56 (2H, m), 1.54-1.44 (3H, m), 1.43-1.34 
(overlapping 3H, s; overlapping, 2H, m), 0.93 (3H, t, J = 8 Hz), 0.85 (9H, s), 0.085 (6H, 
s); 13C NMR (100 MHz, CDCl3):  146.2, 139.2, 115.1, 107.6, 75.8, 72.5, 71.8, 69.6, 
46.9, 46.5, 31.9, 26.6, 25.9, 19.1, 18.0, 13.9, –1.7; HRMS (ESI+) [M+Na]+ calcd for 
C20H38O3SiNa: 377.2488, found: 377.2471; 

[]D
20
 +10.5 (c = 1.15, CH2Cl2) for an 
enantiomerically enriched sample of  95:5 er. Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material [OD-H column, 99.9:0.1 
hexanes:i-PrOH, 0.5 mL/min, 220 nm; Z-isomer: tr (minor enantiomer) = 8.15 min, tr 
(major enantiomer) = 8.97 min] 
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Peak #  Ret. Time Area  Height  Area%  Height% 
1  42.300  99161  1853  50.090  55.493 
2  52.964  98803  1486  49.910  44.507 
 Peak #  Ret. Time Area  Height  Area%  Height% 
1  42.727  4432168  73073  99.424  99.409 
2  54.576  25665  434  0.576  0.591 
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Khan et al., Supporting Information, Part A, Page SIA-3 
 
Peak #  Ret. Time Area  Height  Area%  Height% 
1  9.821  452251  39236  49.971  53.787 
2  11.047  452782  33711  50.029  46.213 
 
Peak #  Ret. Time Area  Height  Area%  Height% 
1  8.909  23693588 1961751  99.965  99.957 
2  10.056  8340  851  0.035  0.043 
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Peak #  Ret. Time Area  Height  Area%  Height% 
1  54.739  8856339  77434  50.615  49.942 
2  66.333  8641264  77615  49.385  50.058 
Peak #  Ret. Time Area  Height  Area%  Height% 
1  54.842  3145557  23501  98.220  97.433 
2  65.557  57016  7619  1.780  2.567 
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 Enantiomeric purity was determined by HPLC analysis in comparison with authentic racemic 
material [AD-H column, 95:5 hexanes:i-PrOH, 0.5 mL/min, 220 nm; Z-isomer: tr (minor 
enantiomer) = 34.86 min, tr (major enantiomer) = 58.82 min]. 
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 Peak #  Ret. Time Area  Height  Area%  Height% 
1  42.300  99161  1853  50.090  55.493 
2  52.964  98803  1486  49.910  44.507 
 Peak #  Ret. Time Area  Height  Area%  Height% 
 1  42.411  205068  3887  93.695  94.454 
 2  53.228  13800  228  6.305  5.546 
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 Enantiomeric purity was determined by HPLC analysis in comparison with authentic racemic 
material [OD-H column, 99.5/0.5 hexanes/i-PrOH, 0.5 mL/min, 220 nm; Z-isomer: tr (major 
enantiomer) = 11.12 min, tr (minor enantiomer) = 15.19 min]. 
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  material [OD-H column, 99.9:0.1 hexanes:i-PrOH, 0.5 mL/min, 220 nm; Z-isomer: tr (minor 
enantiomer) = 8.15 min, tr (major enantiomer) = 8.97 min]. 
(2S,4R,6R)-2-((Z)-2-(phenylthio)vinyl)-6-vinyltetrahydro-2H-pyran-4-ol (Z-10). 
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Cyclobutene 2.97: To a flame dried round bottom flask under N2-atmosphere were added 
iso-propanol (9.00 mL, 117 mmol, 10.4 equiv.), sodium 
hydride (815 mg, 34.0 mmol, 2.99 equiv.), and 
tetrahydrofuran (60 mL). The mixture was allowed to 
stir for 10 minutes followed by cooling to 0 ºC, at which time cis-3,4-dichlorocyclobutene 
(1.40 g, 11.3 mmol, 1.00 equiv.) was added drop wise over 5 minutes. The mixture was 
warmed to room temperature followed by heating to 75 ºC for 12 h, at which time the 
reaction mixture was diluted with water and the organic layer was separated. The aqueous 
layer was washed with diethyl ether (40 mL x 2). Combined organic layers were dried 
over anhydrous MgSO4, filtered, and concentrated in vacuo to give yellow oil. 
Purification by silica gel chromatography (5% to 10% diethyl ether in hexane) followed 
by passing through basic alumina afforded product 2.97 (440 mg, 2.59 mmol, 23% yield). 
IR (neat): 3047 (w), 2970 (s), 2931 (w), 2870 (w), 1466 (s), 1375 (s), 1375 (s), 1320 (s), 
1296 (s), 1165 (s), 1124 (s), 1104 (s), 1053 (s), 995 (s), 946 (s), 823 (s), 790 (s), 745 (s), 
624 (s), 517 (s), 438 (w); ); 1H NMR (CDCl3, 400 MHz): δ 6.32 (dd, J = 1.2, 0.4 Hz, 
2H), 4.62 (dd, J = 0.8, 0.4 Hz, 2H), 3.77-3.70 (m, 2H), 1.19 (dd, J = 7.6, 6.0 Hz, 12H); 
13C NMR (CDCl3, 100 MHZ): δ 142.4, 80.3, 70.8, 23.1, 22.4; HRMS (ESI+): Calcd for 
C10H19O2 [M+H]: 171.13850.  Found:  171.13787. 
Ru-complex 2.98: To a 1-dram vial under N2-atmosphere were added Ru-complex 2.7 
(112 mg, 0.117 mmol, 1.05 equiv.) and cyclobutene 2.97 (18.9 mg, 0.111 mmol, 1.00 
equiv.). C6H6 (5.0 mL) was added and the reaction mixture was allowed to stir for 1 h at 
22 ºC, at which time the solvent was removed in vacuo to give a dark brown solid. 
i-PrO Oi-PrNaH, i-PrOH, THF,
0 oC! 75 oC, 12 h
Cl Cl
7
23% yield
2.97
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Purification by silica gel chromatography (30% to 60% CH2Cl2 in pentane) afforded the 
desired Ru-complex 2.98 (53.0 mg, 0.0469 mmol, 42% yield). IR (in CH2Cl2): 3060 (w), 
3030 (w), 2962 (w), 2921 (w), 2869 (w), 1735 (w), 1601 (w), 1586 (w), 1557 (w), 1494 
(w), 1469 (w), 1432(w), 1399 (w), 1380 (w), 1343 (w), 1273 (w), 1258 (w), 1215 (w), 
1176 (w), 1139 (w), 1108 (w), 1060 (w), 1026 (w), 1006 (w), 933 (w), 905 (w), 857 (s), 
795 (s), 757 (s), 739 (s), 698 (s), 674 (s), 607 (s), 575 (w), 556 (w), 524 (w); 1H NMR 
(CDCl3, 400 MHz): δ 16.82 (d, J = 1.6 Hz, 1H), 7.68 (d, J = 7.6 Hz, 1H), 7.54-7.52 (m, 
1H) 7.49-7.47 (m, 2H), 7.40-7.39 (m, 4H), 7.37-7.31 (m, 4H), 7.29-7.27 (m, 2H), 7.20-
7.14 (m, 2H), 7.12-7.08 (m, 1H),  7.05-7.03 (m, 2H), 7.00 (m, 1H), 6.97-6.90 (m, 6H), 
6.78 (s, 1H), 6.62 (s, 1H) 6.17 (d, J = 7.6 Hz, 2H), 5.70 (dd, J = 12.0, 10.4 Hz, 1H), 5.01-
4.96 (m, 2H), 4.83-4.81 (m, 1H), 4.16-4.10 (m, 1H), 3.77-3.71 (m, 1H), 3.58-3.52 (m, 
1H), 2.95 (dd, J = 6.4, 1.6 Hz, 1H), 2.50 (s, 3H), 2.17 (s, 3H), 2.11 (s, 3H), 1.56 (d, J = 
6.0 Hz, 3H), 1.08 (d, J = 6.0 Hz, 3H), 1.00 (d, J = 6.0 Hz, 3 H), 0.97-0.95 (m, 6H), 0.74 
(d, J = 6.4 Hz, 3 H); 13C NMR (CDCl3, 100 MHZ): δ 212.4, 166.97, 153.1, 140.8, 
140.5, 140.4, 139.5, 137.8, 137.3, 137.2, 136.9, 136.7, 135.5, 132.3, 131.7, 130.8, 130.7, 
130.5, 130.1, 129.9, 129.7, 129.4, 129.3, 128.9, 128.8, 128.8, 128.7, 128.6, 128.3, 128.2, 
128.1, 128.0, 127.9, 126.9, 126.8, 126.7, 123.4, 123.2, 117.4, 94.8, 77.2, 76.4, 76.3, 75.4, 
75.3, 73.5, 71.1, 24.3, 23.5, 22.3, 21.8, 21.6, 21.3, 21.2, 20.1, 19.9; HRMS (ESI+): 
Calcd for C62H65IN2O4Ru [M+H]: 1131.3129.  Found: 1131.3143. 
Ru-Complex 2.101: To a 1-dram vial under N2-atmosphere were added Ru-complex 2.98 
(20.2 mg, 0.0179 mmol, 1.00 equiv.) and acetic acid (0.13 mg, 0.0021 mmol, 0.12 equiv). 
C6H6 (0.12 mL) was added and the reaction mixture was allowed to stir for 1 h at 22 oC, at 
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which time the solvent was removed in vacuo to give a dark brown solid. Purification by 
silica gel chromatography (100% CH2Cl2) afforded the desired Ru-complex 2.101 (5.6 
mg, 0.0049 mmol, 28% yield). IR (in CH2Cl2): 3032 (w), 2970 (w), 2923 (w), 1961 (w), 
1758 (w), 1728 (w), 1667 (w), 1637 (w), 1601 (w), 1587 (w), 1495 (w), 1470 (w), 1439 
(w), 1380 (w), 1345 (w), 1263 (w), 1236 (w), 1216 (w), 1176 (w), 1155 (w), 1140 (w), 
1106 (w), 1061 (w), 1027 (w), 1005 (w), 933 (w), 905 (s), 856 (w), 797 (w), 758 (w), 734 
(s), 698 (s), 672 (w), 634 (w), 607 (w), 573 (w), 527 (w), 471 (w); 1H NMR (CDCl3, 400 
MHz): δ 15.99 (d, J = 2.4 Hz, 1H), 8.21 (dd, J = 8.0, 1.2 Hz, 1H), 7.66 (dd, J = 7.6, 1.6 
Hz, 1H), 7.52-7.48 (m, 3H), 7.38-7.35 (m, 3H), 7.31-7.28 (m, 2H), 7.24-7.21 (m, 6H), 
7.17-7.13 (m, 6H), 7.12-7.08 (m, 2H), 7.02 (d, J = 12.4 Hz, 1H), 6.96-6.94 (m, 3H), 6.91 
(m, 1H), 6.79 (dt, J = 7.2, 1.2 Hz, 1H), 6.69-6.68 (m, 2H), 6.53 (dd, J = 8.0, 0.8 Hz, 1H), 
5.88 (d, J = 12.4 Hz, 2H), 4.90 (dd, J = 10.4, 6.0 Hz, 1H), 4.84 (d, J = 12.0 Hz, 1H), 
4.04-3.98 (m, 1H), 3.78-3.72 (m, 1H), 3.50 (dd, J = 6.0, 2.4 Hz, 1H), 3.47-3.41 (m, 1H), 
2.25 (s, 3H), 1.88 (s, 3H), 1.79 (s, 3H), 1.03 (d, J = 6.0 Hz, 3H), 0.99 (d, J = 6.4 Hz, 3H), 
0.96 (d, J = 6.0 Hz, 3H), 0.81-0.78 (m, 6H), 0.74 (d, J = 6.4 Hz, 3H); 13C NMR (CDCl3, 
100 MHZ): δ 220.6, 169.5, 153.3, 142.5, 139.8, 139.7, 138.2, 137.5, 137.4, 136.5, 135.8, 
135.6, 134.8, 131.8, 131.3, 131.0, 130.9, 130.7, 130.6, 130.57, 130.52, 130.3, 130.1, 
129.8, 129.7, 129.6, 129.5, 129.2, 129.16, 128.96, 128.8, 128.5, 128.4, 128.3, 128.2, 
128.15, 127.8, 127.0, 123.8, 123.6, 121.6, 116.9, 96.1, 83.9, 75.6, 75.58, 75.3, 74.7, 73.2, 
73.0, 70.8, 23.7, 23.4, 23.1, 22.9, 22.5, 22.2, 22.1, 21.9, 21.86, 21.7, 21.2, 20.9, 20.4, 
19.0; HRMS (ESI+): Calcd for C62H65IN2O4Ru [M+H]: 1131.3129.  Found: 1131.3160. 
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Ru-Complex 2.102 To a 1-dram vial under N2-atmosphere were added Ru-complex 
2.101 (10.9 mg, 0.00964 mmol, 1.00 equiv.) and C6D6 (0.50 mL), and the reaction 
mixture was allowed to stir for 25 h at 50 ºC, at which time the solvent was removed in 
vacuo to give a dark brown solid. Purification by silica gel chromatography (30% to 80% 
CH2Cl2 in pentane) afforded the desired Ru-complex 2.102 (4.8 mg, 0.0042 mmol, 44% 
yield). IR (in CH2Cl2): 3030 (w), 2972 (w), 2918 (w), 1734 (w), 1655 (w), 1602 (w), 
1587 (w), 1496 (w), 1465 (w), 1450 (w), 1425 (w), 1402 (w), 1380 (w), 1370 (w), 1343 
(w), 1264 (w), 1215 (s), 1176 (w), 1139 (w), 1107 (s), 1074 (w), 1013 (w), 933 (w), 910 
(w), 854 (s), 794 (s), 760 (w), 734 (s), 698 (s), 649 (w), 607 (w), 573 (w), 552 (w), 524 
(w), 461 (w), 411 (w); 1H NMR (CDCl3, 400 MHz): δ 16.07 (d, J = 2.0 Hz, 1H), 7.90 
(dd, J = 6.0, 1.2 Hz, 1H), 7.59-7.49 (m, 9H), 7.42-7.27 (m, 21H), 7.14-7.10 (m, 3H), 
7.08-7.03 (m, 5H), 6.88 (s, 1H), 6.84 (d, , J = 9.6 Hz, 2H), 6.73 (s, 1H), 6.55 (d, J = 6.0 
Hz, 1H), 6.37 (d, J = 6.0 Hz, 2H), 5.80 (dd, J = 8.8, 7.2 Hz, 1H), 5.73 (dd, J = 10.0, 8.8 
Hz, 1H), 5.09 (d, J = 7.2 Hz, 1H ), 4.96 (dd, J = 8.0, 6.0 Hz, 1H ), 4.85 (d, J = 7.2 Hz, 
1H), 4.63 (d, J = 7.2 Hz, 1H), 4.32-4.29 (m, 1H), 4.27 (d, J = 1.2 Hz, 1H), 4.04 (d, J = 
1.6 Hz, 1H), 3.93-3.90 (m, 1H), 3.86-3.81 (m, 1H), 3.78-3.73 (m, 1H), 3.71-3.66 (m, 1H), 
3.50-3.43 (m, 1H), 3.19 (dd, J = 6.4, 1.6 Hz, 1H), 2.59 (s, 3H), 2.24 (s, 3H), 1.52 (s, 
3H).13CNMR (CDCl3, 100 MHZ): δ 216.7, 170.4, 160.8, 153.6, 153.4, 143.5, 139.8, 
139.7, 139.5, 139.4, 138.1, 137.22, 137.17, 136.6, 136.1, 135.9, 135.8, 135.2, 132.1, 
132.0, 131.9, 131.2, 131.1, 130.9, 130.8, 130.5, 130.4, 130.2, 129.9, 129.7, 129.3, 129.2, 
129.1, 129.0, 128.9, 128.8, 128.5, 128.3, 128.2, 128.16, 127.5, 127.0, 123.5, 123.48, 
123.2, 117.1, 99.6, 83.3, 78.0, 76.1, 75.7, 75.6, 74.7, 73.1, 72.7, 71.9, 69.1, 69.08, 45.4, 
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29.9, 23.5, 23.2, 22.9, 22.8, 22.5, 22.4, 22.3, 22.2, 21.9; HRMS (ESI+): Calcd for 
C62H65IN2O4Ru [M+H]: 1131.3129.  Found: 1131.3141. 
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  X-Ray Crystal Structure Data 
 
 
Table 2.1. Crystal data and structure refinement for hydrazone 2.46  
Identification code  rvo01x 
Empirical formula  C23 H28 N2 O2 S 
Formula weight  396.53 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 10.8793(19) Å a= 90°. 
 b = 17.550(3) Å b= 100.646(2)°. 
 c = 11.456(2) Å g = 90°. 
Volume 2149.8(7) Å3 
Z 4 
Density (calculated) 1.225 Mg/m3 
Absorption coefficient 0.171 mm-1 
F(000) 848 
Crystal size 0.10 x 0.05 x 0.04 mm3 
Theta range for data collection 1.90 to 26.00°. 
Index ranges -13<=h<=13, -21<=k<=21, -14<=l<=14 
Reflections collected 22790 
Independent reflections 8446 [R(int) = 0.0465] 
Completeness to theta = 26.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9932 and 0.9831 
Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 8446 / 6 / 529 
Goodness-of-fit on F2 1.029 
Final R indices [I>2sigma(I)] R1 = 0.0488, wR2 = 0.1065 
R indices (all data) R1 = 0.0677, wR2 = 0.1156 
Absolute structure parameter 0.03(6) 
Largest diff. peak and hole 0.586 and -0.364 e.Å-3 
 
Table 2.2.  Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(Å2x 103) for hydrazone b.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor 
 x y z U(eq) 
S(1) 7528(1) 1084(1) 5810(1) 26(1) 
S(2) 5592(1) 298(1) 2175(1) 28(1) 
C(6) 10789(3) 1978(2) 1961(2) 29(1) 
C(1) 10190(3) 1727(2) 2861(3) 35(1) 
C(2) 9956(3) 2221(2) 3738(3) 37(1) 
C(3) 10315(3) 2964(2) 3725(3) 40(1) 
C(4) 10908(3) 3233(2) 2838(3) 38(1) 
C(5) 11140(3) 2737(2) 1967(3) 33(1) 
C(15) 8589(3) -737(2) 2241(3) 27(1) 
C(14) 9203(3) -1123(2) 1332(3) 36(1) 
C(8) 12291(3) 1624(2) 689(3) 44(1) 
C(12) 10264(3) 70(2) 792(3) 35(1) 
C(11) 11003(3) 625(2) 1316(3) 34(1) 
C(13) 10397(4) -744(2) 1151(3) 44(1) 
C(7) 11010(3) 1454(2) 952(3) 32(1) 
C(10) 9971(4) 1622(2) -127(3) 45(1) 
C(9) 12495(5) 1921(3) -327(4) 74(1) 
N(1) 7478(3) -494(1) 1885(2) 28(1) 
N(2) 6877(2) -159(1) 2744(2) 28(1) 
O(1) 5183(2) 615(1) 3202(2) 32(1) 
O(2) 4789(2) -207(1) 1419(2) 34(1) 
C(16) 6013(3) 1056(2) 1328(2) 26(1) 
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C(21) 5647(3) 1042(2) 98(2) 33(1) 
C(19) 7053(3) 2239(2) 1218(3) 38(1) 
C(17) 6721(3) 1652(2) 1881(3) 32(1) 
C(20) 5987(3) 1648(2) -554(3) 38(1) 
C(18) 6674(3) 2252(2) -19(3) 33(1) 
C(22) 7033(4) 2902(2) -749(3) 51(1) 
C(23) 9300(3) -672(2) 3487(3) 35(1) 
C(24) 2452(3) -306(2) 5781(2) 26(1) 
C(27) 2952(3) -1366(2) 4106(3) 32(1) 
C(31) 2823(3) -69(2) 4749(2) 28(1) 
C(28) 3078(3) -597(2) 3920(3) 32(1) 
C(25) 2352(3) -1085(2) 5972(3) 28(1) 
C(26) 2583(3) -1607(2) 5142(3) 32(1) 
C(33) 2946(3) 49(2) 7885(3) 33(1) 
C(30) 742(3) 173(2) 6770(3) 42(1) 
C(39) 4636(3) 2252(2) 5591(3) 31(1) 
C(38) 4012(3) 2681(2) 6458(3) 42(1) 
C(40) 4037(3) 2245(2) 4316(3) 38(1) 
N(4) 6276(2) 1555(1) 5204(2) 28(1) 
N(3) 5663(3) 1926(1) 6029(2) 30(1) 
O(3) 7963(2) 770(1) 4804(2) 31(1) 
O(4) 8324(2) 1575(1) 6599(2) 33(1) 
C(41) 7022(3) 338(2) 6634(2) 23(1) 
C(42) 7392(3) 313(2) 7854(2) 29(1) 
C(46) 6205(3) -204(2) 6044(2) 26(1) 
C(45) 5754(3) -772(2) 6687(3) 28(1) 
C(43) 6942(3) -255(2) 8485(3) 33(1) 
C(44) 6116(3) -801(2) 7925(3) 30(1) 
C(47) 5589(3) -1413(2) 8621(3) 43(1) 
C(48) 2583(4) -178(2) 8853(3) 47(1) 
C(34) 2130(3) 255(2) 6726(2) 26(1) 
C(35) 2134(8) 1073(4) 6276(6) 31(2) 
C(36) 2772(7) 1621(3) 6892(6) 31(2) 
C(37) 2675(4) 2453(2) 6459(3) 46(1) 
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C(34X) 2130(3) 255(2) 6726(2) 1000 
C(35X) 2696(11) 1057(5) 6618(10) 27(3) 
C(36X) 2041(9) 1685(4) 6411(7) 22(2) 
C(37X) 2675(4) 2453(2) 6459(3) 1000 
 
Table 2.3. Bond lengths [Å] and angles [°] for hydrazone b 
S(1)-O(4)  1.422(2) 
S(1)-O(3)  1.435(2) 
S(1)-N(4)  1.634(2) 
S(1)-C(41)  1.760(3) 
S(2)-O(2)  1.421(2) 
S(2)-O(1)  1.444(2) 
S(2)-N(2)  1.639(3) 
S(2)-C(16)  1.757(3) 
C(6)-C(5)  1.385(4) 
C(6)-C(1)  1.389(4) 
C(6)-C(7)  1.530(4) 
C(1)-C(2)  1.386(4) 
C(2)-C(3)  1.361(5) 
C(3)-C(4)  1.384(5) 
C(4)-C(5)  1.382(4) 
C(15)-N(1)  1.275(4) 
C(15)-C(23)  1.497(4) 
C(15)-C(14)  1.499(4) 
C(14)-C(13)  1.507(5) 
C(8)-C(9)  1.331(5) 
C(8)-C(7)  1.510(5) 
C(12)-C(11)  1.333(4) 
C(12)-C(13)  1.485(5) 
C(11)-C(7)  1.514(4) 
C(7)-C(10)  1.541(5) 
N(1)-N(2)  1.407(3) 
C(16)-C(17)  1.381(4) 
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C(16)-C(21)  1.393(4) 
C(21)-C(20)  1.389(5) 
C(19)-C(17)  1.368(4) 
C(19)-C(18)  1.401(4) 
C(20)-C(18)  1.374(5) 
C(18)-C(22)  1.509(5) 
C(24)-C(31)  1.381(4) 
C(24)-C(25)  1.392(4) 
C(24)-C(34)  1.550(4) 
C(27)-C(28)  1.378(5) 
C(27)-C(26)  1.387(4) 
C(31)-C(28)  1.391(4) 
C(25)-C(26)  1.377(4) 
C(33)-C(48)  1.307(5) 
C(33)-C(34)  1.498(4) 
C(30)-C(34)  1.527(4) 
C(39)-N(3)  1.273(4) 
C(39)-C(40)  1.486(4) 
C(39)-C(38)  1.505(5) 
C(38)-C(37)  1.509(5) 
N(4)-N(3)  1.412(3) 
C(41)-C(42)  1.382(4) 
C(41)-C(46)  1.389(4) 
C(42)-C(43)  1.373(4) 
C(46)-C(45)  1.382(4) 
C(45)-C(44)  1.401(4) 
C(43)-C(44)  1.387(5) 
C(44)-C(47)  1.512(4) 
C(34)-C(35)  1.527(7) 
C(35)-C(36)  1.313(9) 
C(36)-C(37)  1.539(7) 
C(35X)-C(36X)  1.311(11) 
O(4)-S(1)-O(3) 119.36(13) 
O(4)-S(1)-N(4) 108.97(13) 
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O(3)-S(1)-N(4) 103.04(12) 
O(4)-S(1)-C(41) 108.93(13) 
O(3)-S(1)-C(41) 109.16(13) 
N(4)-S(1)-C(41) 106.59(13) 
O(2)-S(2)-O(1) 119.33(13) 
O(2)-S(2)-N(2) 108.69(14) 
O(1)-S(2)-N(2) 103.43(12) 
O(2)-S(2)-C(16) 109.28(13) 
O(1)-S(2)-C(16) 108.01(14) 
N(2)-S(2)-C(16) 107.44(13) 
C(5)-C(6)-C(1) 117.9(3) 
C(5)-C(6)-C(7) 120.0(3) 
C(1)-C(6)-C(7) 122.1(3) 
C(2)-C(1)-C(6) 120.9(3) 
C(3)-C(2)-C(1) 120.0(3) 
C(2)-C(3)-C(4) 120.6(3) 
C(5)-C(4)-C(3) 119.1(3) 
C(4)-C(5)-C(6) 121.5(3) 
N(1)-C(15)-C(23) 124.9(3) 
N(1)-C(15)-C(14) 116.5(3) 
C(23)-C(15)-C(14) 118.6(3) 
C(15)-C(14)-C(13) 113.7(3) 
C(9)-C(8)-C(7) 124.1(4) 
C(11)-C(12)-C(13) 124.0(3) 
C(12)-C(11)-C(7) 127.7(3) 
C(12)-C(13)-C(14) 114.9(3) 
C(8)-C(7)-C(11) 107.2(3) 
C(8)-C(7)-C(6) 108.2(3) 
C(11)-C(7)-C(6) 111.1(3) 
C(8)-C(7)-C(10) 111.7(3) 
C(11)-C(7)-C(10) 111.3(3) 
C(6)-C(7)-C(10) 107.3(3) 
C(15)-N(1)-N(2) 116.8(2) 
N(1)-N(2)-S(2) 113.47(18) 
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C(17)-C(16)-C(21) 120.6(3) 
C(17)-C(16)-S(2) 120.0(2) 
C(21)-C(16)-S(2) 119.3(3) 
C(20)-C(21)-C(16) 118.4(3) 
C(17)-C(19)-C(18) 121.0(3) 
C(19)-C(17)-C(16) 119.9(3) 
C(18)-C(20)-C(21) 121.8(3) 
C(20)-C(18)-C(19) 118.3(3) 
C(20)-C(18)-C(22) 120.7(3) 
C(19)-C(18)-C(22) 120.9(3) 
C(31)-C(24)-C(25) 118.3(3) 
C(31)-C(24)-C(34) 123.1(3) 
C(25)-C(24)-C(34) 118.6(3) 
C(28)-C(27)-C(26) 118.9(3) 
C(24)-C(31)-C(28) 120.8(3) 
C(27)-C(28)-C(31) 120.6(3) 
C(26)-C(25)-C(24) 121.0(3) 
C(25)-C(26)-C(27) 120.4(3) 
C(48)-C(33)-C(34) 127.1(3) 
N(3)-C(39)-C(40) 125.2(3) 
N(3)-C(39)-C(38) 115.8(3) 
C(40)-C(39)-C(38) 119.0(3) 
C(39)-C(38)-C(37) 114.8(3) 
N(3)-N(4)-S(1) 114.13(19) 
C(39)-N(3)-N(4) 115.6(2) 
C(42)-C(41)-C(46) 120.8(3) 
C(42)-C(41)-S(1) 120.3(2) 
C(46)-C(41)-S(1) 118.9(2) 
C(43)-C(42)-C(41) 119.3(3) 
C(45)-C(46)-C(41) 119.5(3) 
C(46)-C(45)-C(44) 120.4(3) 
C(42)-C(43)-C(44) 121.4(3) 
C(43)-C(44)-C(45) 118.6(3) 
C(43)-C(44)-C(47) 121.6(3) 
Chapter 2, page 207
C(45)-C(44)-C(47) 119.8(3) 
C(33)-C(34)-C(35) 119.1(4) 
C(33)-C(34)-C(30) 112.1(3) 
C(35)-C(34)-C(30) 99.4(4) 
C(33)-C(34)-C(24) 107.1(2) 
C(35)-C(34)-C(24) 110.2(3) 
C(30)-C(34)-C(24) 108.4(2) 
C(36)-C(35)-C(34) 122.8(7) 
C(35)-C(36)-C(37) 121.6(7) 
C(38)-C(37)-C(36) 104.0(4) 
Symmetry transformations used to generate equivalent atoms:  
 
Table 2.4. Anisotropic displacement parameters (Å2x103) for hydrazone b.  The 
anisotropic displacement factor exponent takes the form: –2p2[h2a*2U11 + ... + 2 h k a* 
b*U12] 
 U11 U22 U33 U23 U13 U12 
S(1) 27(1)  24(1) 25(1)  2(1) 2(1)  -1(1) 
S(2) 27(1)  34(1) 22(1)  1(1) 2(1)  -2(1) 
C(6) 31(2)  31(2) 22(2)  -4(1) -1(1)  4(1) 
C(1) 36(2)  36(2) 32(2)  4(2) 1(2)  0(2) 
C(2) 38(2)  46(2) 28(2)  -2(2) 9(2)  5(2) 
C(3) 34(2)  48(2) 37(2)  -17(2) 1(2)  3(2) 
C(4) 34(2)  29(2) 50(2)  -12(2) 3(2)  1(2) 
C(5) 34(2)  31(2) 36(2)  -2(2) 7(1)  0(1) 
C(15) 33(2)  22(2) 25(2)  2(1) 2(1)  -1(1) 
C(14) 44(2)  25(2) 37(2)  -2(2) 4(2)  2(2) 
C(8) 46(2)  42(2) 47(2)  -16(2) 16(2)  -7(2) 
C(12) 39(2)  39(2) 29(2)  0(2) 12(2)  3(2) 
C(11) 41(2)  34(2) 29(2)  -2(2) 7(2)  5(2) 
C(13) 50(2)  41(2) 43(2)  -8(2) 13(2)  5(2) 
C(7) 43(2)  25(2) 26(2)  -6(1) 6(1)  -6(2) 
C(10) 63(2)  39(2) 33(2)  -7(2) 8(2)  -13(2) 
C(9) 73(3)  64(3) 93(4)  -7(3) 39(3)  -9(2) 
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N(1) 38(2)  24(1) 21(1)  -1(1) 5(1)  -2(1) 
N(2) 33(2)  33(2) 17(1)  4(1) 1(1)  2(1) 
O(1) 28(1)  43(1) 25(1)  2(1) 6(1)  -1(1) 
O(2) 35(1)  36(1) 30(1)  2(1) -1(1)  -5(1) 
C(16) 26(2)  33(2) 21(1)  -1(1) 5(1)  -1(2) 
C(21) 36(2)  37(2) 24(2)  0(2) -1(1)  0(2) 
C(19) 44(2)  38(2) 31(2)  -6(2) 6(2)  -7(2) 
C(17) 37(2)  37(2) 21(2)  -2(1) 3(1)  -3(2) 
C(20) 44(2)  51(2) 17(2)  4(2) 1(1)  7(2) 
C(18) 33(2)  34(2) 32(2)  10(2) 6(1)  6(2) 
C(22) 58(2)  51(2) 45(2)  14(2) 9(2)  -7(2) 
C(23) 39(2)  36(2) 31(2)  5(2) 5(1)  8(2) 
C(24) 29(2)  24(2) 25(2)  -2(1) 4(1)  6(1) 
C(27) 30(2)  35(2) 29(2)  -10(1) 3(1)  7(1) 
C(31) 29(2)  28(2) 27(2)  -1(1) 3(1)  0(1) 
C(28) 31(2)  40(2) 24(2)  0(2) 5(1)  -2(2) 
C(25) 35(2)  24(2) 25(2)  -1(1) 7(1)  1(1) 
C(26) 36(2)  22(2) 39(2)  1(1) 4(1)  2(1) 
C(33) 32(2)  30(2) 34(2)  -15(1) 1(1)  3(1) 
C(30) 35(2)  45(2) 43(2)  -16(2) 2(2)  11(2) 
C(39) 36(2)  18(2) 37(2)  4(1) 1(2)  4(1) 
C(38) 44(2)  30(2) 47(2)  -10(2) -4(2)  10(2) 
C(40) 40(2)  32(2) 40(2)  8(2) 1(2)  4(2) 
N(4) 36(2)  23(1) 23(1)  9(1) 5(1)  7(1) 
N(3) 39(2)  21(1) 29(1)  0(1) 7(1)  1(1) 
O(3) 27(1)  40(1) 27(1)  2(1) 7(1)  0(1) 
O(4) 33(1)  28(1) 35(1)  -2(1) -1(1)  -6(1) 
C(41) 24(1)  19(2) 26(1)  1(1) 3(1)  5(1) 
C(42) 31(2)  31(2) 23(2)  -2(2) -2(1)  -1(2) 
C(46) 31(2)  25(2) 20(1)  0(1) 1(1)  4(1) 
C(45) 26(2)  20(2) 35(2)  1(1) 1(1)  -1(1) 
C(43) 39(2)  35(2) 22(2)  4(1) 2(1)  8(2) 
C(44) 30(2)  28(2) 35(2)  11(1) 10(1)  15(1) 
C(47) 43(2)  32(2) 56(2)  17(2) 14(2)  8(2) 
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C(48) 56(2)  53(2) 29(2)  -12(2) -3(2)  8(2) 
C(34) 32(2)  20(2) 26(2)  -3(1) 7(1)  4(1) 
C(35) 34(4)  30(4) 28(4)  -2(3) 5(3)  10(3) 
C(36) 32(4)  29(4) 33(3)  -7(3) 8(3)  6(3) 
C(37) 57(2)  30(2) 55(2)  -11(2) 19(2)  2(2) 
C(35X) 32(6)  26(6) 21(5)  -8(4) -1(4)  9(5) 
C(36X) 19(5)  21(5) 23(4)  -5(3) -1(4)  7(3) 
 
Table 2-5. Hydrogen coordinates (x104) and isotropic displacement parameters (Å2x10) 
for hydrazone b 
 x  y  z  U(eq) 
H(1) 9938 1209 2876 42 
H(2) 9545 2042 4347 44 
H(3) 10158 3299 4332 48 
H(4) 11151 3753 2828 46 
H(5) 11550 2921 1359 40 
H(14A) 8610 -1132 565 43 
H(14B) 9389 -1657 1579 43 
H(8) 12997 1510 1285 53 
H(12) 9615 202 150 42 
H(11) 11595 484 2000 41 
H(13A) 11016 -781 1899 53 
H(13B) 10735 -1029 534 53 
H(10A) 9175 1417 19 67 
H(10B) 10182 1382 -836 67 
H(10C) 9895 2174 -249 67 
H(9A) 11809 2041 -942 89 
H(9B) 13326 2014 -438 89 
H(2A) 7163 -192 3513 34 
H(21) 5175 627 -287 39 
H(19) 7548 2645 1602 45 
H(17) 6977 1653 2720 39 
H(20) 5738 1645 -1394 46 
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H(22A) 7239 2703 -1489 77 
H(22B) 7762 3167 -298 77 
H(22C) 6332 3259 -935 77 
H(23A) 9536 -139 3658 53 
H(23B) 10056 -987 3577 53 
H(23C) 8774 -848 4042 53 
H(27) 3114 -1726 3534 38 
H(31) 2906 460 4605 34 
H(28) 3341 -425 3219 38 
H(25) 2120 -1259 6686 33 
H(26) 2490 -2136 5280 39 
H(33) 3823 89 7920 39 
H(30A) 242 315 5999 62 
H(30B) 530 508 7388 62 
H(30C) 562 -357 6951 62 
H(38A) 4033 3232 6276 50 
H(38B) 4504 2604 7267 50 
H(40A) 4671 2341 3827 57 
H(40B) 3395 2642 4168 57 
H(40C) 3651 1746 4111 57 
H(4A) 6008 1575 4432 33 
H(42) 7951 686 8252 35 
H(46) 5957 -184 5204 31 
H(45) 5197 -1144 6288 33 
H(43) 7203 -274 9323 39 
H(47A) 4679 -1438 8363 65 
H(47B) 5787 -1291 9470 65 
H(47C) 5959 -1906 8480 65 
H(48A) 1716 -228 8867 57 
H(48B) 3185 -294 9542 57 
H(35) 1655 1191 5517 37 
H(36) 3306 1502 7622 37 
H(37A) 2163 2491 5651 55 
H(37B) 2299 2780 7004 55 
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H(35X) 3580 1095 6709 33 
H(36X) 1154 1657 6227 26 
 
Table 2.6. Torsion angles [°] for hydrazone b 
C(5)-C(6)-C(1)-C(2) -0.2(4) 
C(7)-C(6)-C(1)-C(2) -177.3(3) 
C(6)-C(1)-C(2)-C(3) -0.1(5) 
C(1)-C(2)-C(3)-C(4) 0.5(5) 
C(2)-C(3)-C(4)-C(5) -0.5(5) 
C(3)-C(4)-C(5)-C(6) 0.3(5) 
C(1)-C(6)-C(5)-C(4) 0.1(5) 
C(7)-C(6)-C(5)-C(4) 177.3(3) 
N(1)-C(15)-C(14)-C(13) 120.7(3) 
C(23)-C(15)-C(14)-C(13) -60.0(4) 
C(13)-C(12)-C(11)-C(7) 174.5(3) 
C(11)-C(12)-C(13)-C(14) 130.5(3) 
C(15)-C(14)-C(13)-C(12) -57.7(4) 
C(9)-C(8)-C(7)-C(11) 125.8(4) 
C(9)-C(8)-C(7)-C(6) -114.3(4) 
C(9)-C(8)-C(7)-C(10) 3.5(5) 
C(12)-C(11)-C(7)-C(8) -119.7(4) 
C(12)-C(11)-C(7)-C(6) 122.3(3) 
C(12)-C(11)-C(7)-C(10) 2.8(5) 
C(5)-C(6)-C(7)-C(8) 42.3(4) 
C(1)-C(6)-C(7)-C(8) -140.6(3) 
C(5)-C(6)-C(7)-C(11) 159.8(3) 
C(1)-C(6)-C(7)-C(11) -23.2(4) 
C(5)-C(6)-C(7)-C(10) -78.3(4) 
C(1)-C(6)-C(7)-C(10) 98.7(3) 
C(23)-C(15)-N(1)-N(2) -1.8(4) 
C(14)-C(15)-N(1)-N(2) 177.5(2) 
C(15)-N(1)-N(2)-S(2) 167.6(2) 
O(2)-S(2)-N(2)-N(1) 54.7(2) 
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O(1)-S(2)-N(2)-N(1) -177.50(19) 
C(16)-S(2)-N(2)-N(1) -63.4(2) 
O(2)-S(2)-C(16)-C(17) 175.4(2) 
O(1)-S(2)-C(16)-C(17) 44.1(3) 
N(2)-S(2)-C(16)-C(17) -66.8(3) 
O(2)-S(2)-C(16)-C(21) -5.8(3) 
O(1)-S(2)-C(16)-C(21) -137.1(2) 
N(2)-S(2)-C(16)-C(21) 112.0(3) 
C(17)-C(16)-C(21)-C(20) -1.4(5) 
S(2)-C(16)-C(21)-C(20) 179.8(2) 
C(18)-C(19)-C(17)-C(16) 0.7(5) 
C(21)-C(16)-C(17)-C(19) 0.9(5) 
S(2)-C(16)-C(17)-C(19) 179.7(2) 
C(16)-C(21)-C(20)-C(18) 0.3(5) 
C(21)-C(20)-C(18)-C(19) 1.2(5) 
C(21)-C(20)-C(18)-C(22) 179.9(3) 
C(17)-C(19)-C(18)-C(20) -1.7(5) 
C(17)-C(19)-C(18)-C(22) 179.6(3) 
C(25)-C(24)-C(31)-C(28) 0.7(4) 
C(34)-C(24)-C(31)-C(28) -178.8(3) 
C(26)-C(27)-C(28)-C(31) -0.9(5) 
C(24)-C(31)-C(28)-C(27) 0.7(5) 
C(31)-C(24)-C(25)-C(26) -1.8(5) 
C(34)-C(24)-C(25)-C(26) 177.7(3) 
C(24)-C(25)-C(26)-C(27) 1.5(5) 
C(28)-C(27)-C(26)-C(25) -0.2(5) 
N(3)-C(39)-C(38)-C(37) -125.4(3) 
C(40)-C(39)-C(38)-C(37) 55.2(4) 
O(4)-S(1)-N(4)-N(3) -52.1(2) 
O(3)-S(1)-N(4)-N(3) -179.85(19) 
C(41)-S(1)-N(4)-N(3) 65.3(2) 
C(40)-C(39)-N(3)-N(4) 2.3(4) 
C(38)-C(39)-N(3)-N(4) -177.1(3) 
S(1)-N(4)-N(3)-C(39) -175.2(2) 
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O(4)-S(1)-C(41)-C(42) 1.2(3) 
O(3)-S(1)-C(41)-C(42) 133.1(2) 
N(4)-S(1)-C(41)-C(42) -116.2(2) 
O(4)-S(1)-C(41)-C(46) 178.4(2) 
O(3)-S(1)-C(41)-C(46) -49.6(3) 
N(4)-S(1)-C(41)-C(46) 61.0(3) 
C(46)-C(41)-C(42)-C(43) 0.0(4) 
S(1)-C(41)-C(42)-C(43) 177.2(2) 
C(42)-C(41)-C(46)-C(45) 0.2(4) 
S(1)-C(41)-C(46)-C(45) -177.0(2) 
C(41)-C(46)-C(45)-C(44) 0.2(4) 
C(41)-C(42)-C(43)-C(44) -0.6(5) 
C(42)-C(43)-C(44)-C(45) 1.0(5) 
C(42)-C(43)-C(44)-C(47) -178.1(3) 
C(46)-C(45)-C(44)-C(43) -0.7(4) 
C(46)-C(45)-C(44)-C(47) 178.4(3) 
C(48)-C(33)-C(34)-C(35) 115.6(5) 
C(48)-C(33)-C(34)-C(30) 0.2(5) 
C(48)-C(33)-C(34)-C(24) -118.6(3) 
C(31)-C(24)-C(34)-C(33) -124.2(3) 
C(25)-C(24)-C(34)-C(33) 56.3(4) 
C(31)-C(24)-C(34)-C(35) 6.8(5) 
C(25)-C(24)-C(34)-C(35) -172.7(4) 
C(31)-C(24)-C(34)-C(30) 114.6(3) 
C(25)-C(24)-C(34)-C(30) -64.8(4) 
C(33)-C(34)-C(35)-C(36) -3.9(9) 
C(30)-C(34)-C(35)-C(36) 118.0(7) 
C(24)-C(34)-C(35)-C(36) -128.2(6) 
C(34)-C(35)-C(36)-C(37) -175.0(4) 
C(39)-C(38)-C(37)-C(36) 64.7(4) 
C(35)-C(36)-C(37)-C(38) -125.6(6) 
Symmetry transformations used to generate equivalent atoms:  
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Table 2.7. Hydrogen bonds for hydrazone b [Å and °] 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
 N(2)-H(2A)...O(3) 0.88 2.31 2.931(3) 128.0 
 N(4)-H(4A)...O(1) 0.88 2.27 2.896(3) 127.8 
Symmetry transformations used to generate equivalent atoms:  
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Chapter 3. 
HYDROGEN-BONDING AS A CONTROL ELEMENT IN DIASTEREOSELECTIVE 
RING-OPENING/CROSS-METATHESIS 
3.1 Brønsted Acid Promoted Polytopal Rearrangements of Stereogenic-at-Metal Ru-
Complexes and Brønsted Acid Promoted Olefin Metathesis Reactions 
During our investigation into polytopal rearrangements in stereogenic-at-metal 
Ru-complexes, we screened a variety of Lewis-basic additives to see if the polytopal 
rearrangement could be induced by a ligand binding to the Ru-center, in analogy to 
observations made by Schrock and co-workers for stereogenic-at-metal Mo-complexes.1,2 
During our screen, although we did not find any Lewis base that was capable of 
promoting the isomerization, we made the unexpected observation that a stoichiometric 
amount of acetic acid was capable of promoting the isomerization (Figure 3.1). 
Additionally, we found that a catalytic amount of acetic acid was sufficient to promote  
                                                          
(1) Studies of polytopal rearrangements in stereogenic-at-metal Ru-complexes were conducted in 
collaboration with Rana Kashif M. Khan.  
(2) Marinescu, S. C.; Schrock, R. R.; Li, B.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 58-59. 
Chapter 3, page 216
the isomerization, and in both cases complex endo-3.1 was cleanly isomerized to 
complex exo-3.2, without formation of any appreciable amount of complex exo-3.3. This 
was surprising since in the thermal rearrangement of complex 3.1, both 3.2 and 3.3 are 
formed during the course of the reaction, with the final thermodynamic product being 
complex 3.3 (see section 2.3 of Chapter 2). When pure complex 3.2 (purified by silica gel 
chromatography) was heated at 50 °C, however, we observed quantitative conversion of 
complex 3.2 to complex 3.3, confirming that complex 3.3 is indeed the 
thermodynamically favored isomer.  
In order to rationalize why a Brønsted acid is capable of promoting isomerization 
of the endo-3.1 into exo-3.2, but not capable of promoting the isomerization of exo-3.2 to 
exo-3.3, we propose that acetic acid H-bonds with the oxygen of the biphenoxide moiety 
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of complex 3.1 (Figure 3.2). Because the transition state for the polytopal rearrangement 
leading from complex 3.1 to complex 3.2 requires positioning the carbene trans to the 
oxygen of the biphenoxide, the resulting destabilizing donor-donor interaction is reduced 
when the Ru-
O bond is 
weakened by 
H-bonding 
with acetic acid. A similar effect was observed by Caulton and co-workers in the 
polytopal rearrangement of OsBr2(PPh3)3 vs OsBr2(PPh3)3 (Figure 3.3).
3 During the 
polytopal rearrangement of OsX2(PPh3)3, the square pyramidal complex undergoes a 
polytopal rearrangement which proceeds through a trigonal bipyramidal transition state in 
which the X ligands are in the axial position (trans to each other). When X = Br, the 
polytopal rearrangement proceeds more readily than when X = I, since I is a stronger 
donor than Br, and therefore the trans effect is more significant (which raises the barrier 
of the transition state). By analogy, H-bonded complex 3.1 shown in Figure 3.2 should 
undergo a more facile polytopal rearrangement since the carbene and the biphenoxide 
group must move into the axial positions, and H-bonding thus reduces the trans effect and 
lowers the barrier. 
This remarkable H-bonding effect would also be expected to facilitate olefin 
metathesis, since olefin metathesis is itself a kind of polytopal rearrangement (an 
                                                          
(3) Hoffman, P. R.; Caulton, K. G. J. Am. Chem. Soc. 1975, 97, 4221-4228.  
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irregular polytopal rearrangement, in which bonds are broken and formed, Figure 3.4).4 
Similar to the rearrangement shown in Figure 3.3, during an olefin metathesis the Ru-
carbene/olefin complex (3.4) must rotate such that the olefin is aligned parallel to the 
carbene carbon; this leads to a transition state for ruthenacyclobutane formation in which 
the Cl ligands move into the axial position, forming ruthenacyclobutane 3.5 which retains 
the trigonal bipyramidal geometry of the transition state. Breakage of the 
ruthenacyclobutane allows the complex to relax back to a square pyramidal geometry and  
forms a new olefin complex (complex 3.6, and in a stereogenic-at-metal Ru-complex, 
each olefin metathesis event therefore causes inversion of configuration at the Ru-center). 
If the Cl ligand were H-bonded to a sufficiently acidic donor, this is expected to lower the 
barrier to formation of the ruthenacyclobutane, and thus should facilitate olefin 
metathesis. 
                                                          
(4) (a) Berry, P. S. J. Chem. Phys. 1960, 32, 933-938; (b) Mutterties, E. L. J. Am. Chem. Soc. 1969, 91, 
1636-1643; (c) Gillespie, P.; Hoffman, P.; Klusacek, H.; Marquarding, D.; Pfohl, S.; Ramierz, F.; Tsolis, E. 
A.; Ugi, I. Angew. Chem. Int. Ed. Engl. 1971, 10, 687-715.  
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 There are a number of observations of H-bonding in transition metal halide 
complexes that have been previously reported, for example, Crabtree and co-workers 
found that metal-halogen H-bonding could be observed in the different rotational barriers 
of several Ir-halide complexes (Figure 3.5).5 In their study, IrH2(PPh3)2(acetone)2 was 
treated with a tetra-n-butylammonium halide in the presence of 2-aminopyridine, and the 
rotational barriers of each complex was measured by NMR (the intrinsic rotational barrier 
for a non-H-bonded 2-aminopyidine was computational determined to be +5.8 kcal/mol). 
Crabtree and co-workers found that, based on their computed instrinic barrier, an Ir-F-H 
bond had a bond strength of 5.2 kcal/mol, an Ir-Cl-H bond had a bond strength of 2.1 
kcal/mol, and an Ir-Br-H bond had a bond strength of 1.8 kcal/mol. They also estimated 
that an Ir-I-H bond had a bond strength of less than 1.3 kcal/mol, indicating that it is a 
very weak H-bond interaction.   
 In addition to the Ir-halide system, Crabtree and co-workers also obtained a 
crystal structure of a gold complex H-bonded to a pyridinium ion through a chloride 
ligand (Figure 3.6).6 In the crystal structure, the H-Cl bond length are 2.753 Å, and the 
Au-Cl-H angles are 
~90°, which suggests 
that the lone pair on Cl 
that is H-bonded to the 
proton has a large 
                                                          
(5) Peris, E.; Lee, Jr., J. C.; Rambo, J. R.; Eisenstein, O.; Crabtree, R. H. J. Am. Chem. Soc. 1995, 117, 
3485-3491. 
(6) Yap, G. P. A.; Rheingold, A. L.; Das, P.; Crabtree, R. H. Inorg. Chem. 1995, 34, 3474-3476.  
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degree of p-character and is thus more Lewis basic (vs. a sp2 lone pair). In a separate 
study, Ikariya and co-workers obtained a crystal structure of a Ru-complex  
bearing diphenyl(hydroxymethyl)phosphine ligands, in which the hydroxyl groups are H-
bonded to the Cl ligands on Ru.7 In this complex, the H-Cl bond distance is 3.060 and 
3.081 Å, suggesting the H-bond is weaker in this system than in Crabtree’s gold complex, 
however, this can be rationalized by the fact that in Crabtree’s system the AuCl4 is H-
bonded to a cationic pyridinium ion, whereas the Ru-complex is a neutral species (and 
thus the O-H bonds have less ionic character). An additional observation in Ikariya’s 
complex is that compared to the corresponding Ph2MeP complex, the Ru-Cl bonds are 
elongated (2.5133 vs. 2.486 Å), which would mean that the H-bonding has increased the 
Lewis acidity of the Ru-center, and would reduce the trans effect between the chloride 
and CO.  
 Since a Brønsted acid has been shown to promote a non-olefin metatheis 
polytopal rearrangement, and since H-bonding in transition metal complexes is well 
precedented, we propose that H-bonding could activate Ru-complexes to accelerate the 
rate of olefin metathesis, and to promote otherwise unfavorable olefin metatheses. This 
activation would proceed by reducing the trans effect between the axial halide ligands, 
through elongation of the Ru-halogen bond. This effect would also explain the huge 
                                                          
(7) Kayaki, Y.; Shimokawatoko, Y.; Ikariya, T. Inorg. Chem. 2007, 46, 5791-5797. 
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difference in reactivity between Ru iodide and Ru alkoxide complexes vs Ru chloride 
complexes.8 
3.2 Bronsted Acid Assisted Ru-Catalyzed Olefin Metathesis 
 There are numerous examples in the literature where the Brønsted acids and 
hydroxylated substrates have been shown to facilitate olefin metathesis, for example, 
Forman an co-workers found that superstoichiometric quanitites of phenol dramatically 
increased the turnover number (for 2250 turnovers in 3 h without phenol, to 16,020 
turnovers in 6 h with 500 equiv phenol) in 1-octene dimerization (Figure 3.7).9 
Furthermore, in the case of neohexene cross-metathesis (CM) with 1-octene, in the 
absence of phenol there was no detectable CM product observed, however, in the 
presence of 100 equiv phenol, 57% conv to CM product 3.7 was observed. Forman 
proposes that H-bonding occurs between the Cl ligands and phenol in an intermolecular 
sense (such as shown in complex 3.8), and he identifies a variety of effects from this 
interaction: 1) the rate of phosphine dissociation is decreased (due to enhanced Lewis 
                                                          
(8) Sanford, M. S.; Love, J. A.; Grubbs, R. H. Organometallics, 2001, 20, 5314.  
(9) Forman, G. S.; McConnell, A. E.; Tooze, R. P.; van Rensburg, W. J.; Meyer, W. H.; Kirk, M. M.; 
Dwyer, C. L.; Serfontein, D. W. Organometallics, 2005, 24, 4528-4542.  
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acidity of the Ru-center); 2) phosphine may be sequestered by phenol (and thereby 
prevented from binding to Ru and inhibiting metathesis during the course of the catalytic 
cycle, and 3) catalyst lifetime is prolonged by stabilization of the propagating species 
through H-bonding. Forman also observes a rate enhancement in the presence of phenol, 
although there is less than one order of magnitude rate increase; because phenol also 
inhibits the initiation of the 
phosphine ligand, it is 
impossible to determine the 
exact rate enhancement 
brought about by H-
bonding. However, as is 
shown in the case of 
neohexene CM, since no 
CM product is observed in the absence of phenol, clearly H-bonding with phenol is 
allowing an otherwise unfavorable process to occur, and therefore this suggests that H-
bonding is capable of lowering the barrier to olefin metathesis with these reactants. 
 Hoye and co-workers have reported that the presence of an allylic alcohol is 
capable of promoting efficient ring-closing metathesis (RCM) to form cyclopentene 
deriviatives (Figure 3.8).10 Hoye and co-workers found that a secondary allyic alcohol 
(3.9) undergoes RCM at 60 times the rate of the corresponding methyl ether (3.12); even 
more remarkable, a sterically congested tertiary allylic alcohol (3.10) also undergoes 
                                                          
(10) Hoye, T. R.; Zhao, H. Org. Lett. 1999, 1, 1123-1125.  
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RCM faster (12 times the rate) as methyl ether 3.12. Both alcohol 3.9 and 3.10 undergo 
RCM faster than when the hydroxyl group of 3.9 is substituted for a methyl group 
(alcohol 3.9 reacts 7.5 times faster than 3.11, while 3.10 reacts 1.5 faster than 3.11). The 
corresponding methyl ether of alcohol 3.10 (substrate 3.13) was found to be completely 
unreactive. The acceleration caused by the presence of the allylic hydroxyl group is 
particularly impressive given that Hoye and co-workers also found that allylic alcohols 
promote a well-defined decomposition of the Ru-carbene, in which the allylic alcohol is 
oxidized to the corresponding ,-unsaturated ketone, leading to cleavage of the Ru-
carbene bond and reduction of the Ru center (Figure 3.9). 
Schmidt and co-workers have also observed a significant effect of having a 
hydroxyl group present in a substrate for RCM: in the RCM of triene 3.14, with two 
protected allylic allylic alcohols (one allyl ether and one allyl trichloroacetate), <2% conv 
of the triene is observed upon treatment with 5 mol % Ru-catalyst at 40 °C (Figure 
3.10).11 However, when the trichloroacetate group is removed (so the substrate contains 
an allylic alcohol, triene 3.15), RCM proceeds efficiently to provide dihydropyran 3.17 in 
83% yield as the exclusive product. When triene 3.18 (which contains only terminal 
olefins) is used instead of 3.14, dihydrofuran 3.20 is obtained as the exclusive product in 
                                                          
(11) Schmidt, B.; Nave, S. Adv. Synth. Catal. 2007, 349, 215-230.  
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quantitative yield. These data show that not only does the hydroxyl group accelerate the 
rate of olefin metathesis (compared to the corresponding trichloroacetate), but also the 
hydroxyl group directs the Ru-complex onto the adjacent olefin site. H-bonding can thus 
be used to control site selectivity in olefin metathesis as well as increase efficiency. 
These examples clearly demonstrate that the presence of an allylic hydroxyl group 
is capable of dramatically accelerating the rate of olefin metathesis, and our hypothesis is 
that this acceleration is due to reduction of the energetic barrier for formation or breakage 
of the ruthenacyclobutane by diminution of the trans effect between the chloride ligands. 
3.3 H-Bonding as a Control Element for Diastereoselective Ring-Opening/Cross-
Metathesis 
 Given the precedence for H-bonding in metal complexes and the possibility that 
H-bonding might accelerate Ru-catalyzed olefin metathesis, we set out to explore ring-
opening/cross-metathesis (ROCM) of cyclopropene 3.21 with allyl alcohol (Figure 3.11). 
We first examined a control reaction using 1-octene as the cross partner, and we found 
that in the presence of 0.5 mol % Ru-catalyst 3.22 this reaction procceds to 83% conv in 
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4 h to furnish diene 3.23 as a mixture of isomers (75:25 E:Z).12 We were pleased to find 
that when allyl alcohol is used in place of 1-octene, >98% conv of allyl alcohol is 
observed in 5 min (indicating that allyl alcohol reacts at 48 times the rate of 1-octene), 
providing diene 3.24 as a mixture of isomers (66:34 E:Z). We also examined the ROCM 
of cyclopropene and homoallyl alcohol, but in this case we found that after 80 min there 
is only 16% conv (and no further product is formed if the reaction is allowed to proceed 
for a longer time). We propose that intramolecular chelation of the homoallylic alcohol 
may actually inhibit the rate of olefin metathesis for this system (complex 3.25). 
 We next examined enantiomerically enriched chiral allylic alcohols, beginning 
with (R)-2-phenylpropenol (3.26): in the presence of 0.5 mol % Ru-catalyst 3.22, after 5 
min >98% conv of 3.26 was observed, and (S,R)-alcohol 3.27 was obtained in 87% yield 
with 96:4 dr and 91:9 E:Z (Figure 3.12). When the alcohol is protecteas a methyl ether 
(3.28), a dramatic reduction is reactivity is observed: with 0.5 mol % catalyst 3.22, after 
18 h only 51% conv to product 3.29 was observed (33% yield, 86:14 E:Z). To our 
                                                          
(12) Hoveyda, A. H.; Lombardi, P. J.; O’Brien, R. V.; Zhugralin, A. R. J. Am. Chem. Soc. 2009, 131, 8378-
8379.  
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surprise, product 3.29 was obtained in much lower diastereoselectivity than 3.27 (79:21 
dr) and with the opposite sense of relative stereochemistry (R,R configuration instead of 
S,R). In addition, when (R)--methylallylbenzene 3.30 was used as a cross partner, the 
reaction was again sluggish (56% conv, 55% yield) but stereoselectivity was improved, 
with product 3.31 being obtained in 91:9 dr, 90:10 E:Z. Also puzzling was reaction of the 
TBS ether of phenylpropenol (3.32), which delivered diene 3.33 in 53% conv and 48% 
yield, similar to methyl substituted substrate 3.30; however, the diastereoselectivity was 
extremely high (product 3.33, >98:2 dr, 83:17 E:Z), and in stark contrast to substrates 
3.30 and 3.32, the sense of stereoinduction was the same as for the free hydroxyl group 
(S,R).  
The diastereoselectivity and absolute stereochemistry for these reactions was 
determined by functionalization of the products in such a way that the original 
stereogenic center present in the substrate was converted into a non-stereogenic carbon 
(Figure 3.13). TBS ether 3.33 was converted to alcohol 3.27 by treatment with TBAF in 
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THF, and alcohol 3.27 was then oxidized with MnO2 in Et2O to deliver ketone 3.34. 
HPLC analysis revealed that TBS ether 3.33 and alcohol 3.27 had the same relative 
stereochemistry. Alcohol 3.27 was then methylated using NaH in THF, followed by 
treatment with MeI, and methyl ether 3.29 was subjected to a dissolving metal reduction 
(Na0/NH3) to deliver diene 3.35; HPLC analysis revealed that methyl ether R,R-29 
(derived from substrate 3.28) had the opposite relative stereochemistry vs methyl ether 
S,R-3.29 (derived from alcohol 3.27). Diene 3.35 was independently synthesized from 
chiral alcohol 3.36 (see Chapter 2), and we were thus able to correlate the 
stereochemistry of 3.35 back to our crystal structure of ketone 3.37, and confirm the 
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absolute chemistry of products 3.27 (S,R), 3.29 (R,R), and 3.33 (S,R). Finally, chiral 
alcohol 3.36 was converted into lactone 3.38 by a previously reported 
hydroboration/ozonolysis sequence,13 and diene 3.31 was likewise converted to the same 
lactone, and the relative stereochemistry for 3.31 was correlated back to ketone 3.37, 
which allowed us to assign diene 3.31 as R,R. 
 In order to rationalize the observed absolute stereochemistry of the ROCM 
products, we propose a stereochemical model in which H-bonding between the Cl ligand 
of Ru and the proton of the allylic alcohol serves to control the sense of 
diastereoselectivity (Figure 3.14). The catalytic cycle commences with initiation of Ru-
carbene 3.22 with cyclopropene, leading to an alkylidene with an intramolecular olefin 
tether (complex 3.39). The allylic alcohol then exchanges onto Ru to produce a new Ru-
carbene in which an intramolecular H-bond has formed between the Cl ligand and the 
                                                          
(13) Giudici, R.; Hoveyda, A. H. J. Am. Chem. Soc. 2007, 129, 3824-3825.  
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alcohol proton (complex 3.40). The H-bonded tether creates a large steric presence that 
forces the cyclopropene to approach such that the methyl substituent is oriented away 
from the H-bond chelate (complex 3.41); complex 3.41 then undergoes ring-opening 
metathesis to form a new alkylidene, which crosses off the ROCM product as it re-enters 
the catalytic cycle.  
When the proton is replaced with a methyl group (or when the hydroxyl group is 
substituted for methyl), minimization of allylic strain governs the stereochemical 
outcome of the reaction, leading to the opposite major diastereomer (as shown in 
complexes 3.42 and 3.43, Figure 3.15). When the proton is protected with a large TBS 
group, the steric clash between the TBS group and the mesityl rings of the NHC ligand 
become so significant they override allylic strain, leading to the same major diastereomer 
observed for the alcohol (complex 3.44). The rate acceleration observed can be attributed 
to an intermolecular H-bond forming between the incoming allylic alcohol substrate and 
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the carbene resulting from ring-opening of the cyclopropene (complex 3.45), since we 
predict the ring-opening to be much more facile than the cross-metathesis. The H-bond 
that forms therefore lowers the barrier to ruthenacyclobutane formation for the cross-
metathesis (by decreasing the trans effect felt by the Cl ligands as they enter axial 
positions of the trigonal bipyramidal complex, see Figure 3.2). 
A variety of allylic alcohols were found to provide ROCM products in high 
diastereoselectivity and high efficiency (Figure 3.16). When an aliphatic substituted 
allylic alcohol ((S)-3.46) was used, the reaction proceeded to 80% yield of diene 3.47 
(80:20 E:Z, 91:9 dr) in 15 min with 0.5 mol % catalyst 3.22. When the (S)-butenol (3.48) 
was used, the reaction was somewhat less efficient, but selectivity remained high (diene  
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3.49 was obtained in 64% yield, 86:14 E:Z, 95:5 dr). When a mono-TBS protected diol 
was used ((S)-3.50), the ROCM proceeded to 71% yield but diastereoselectivity was 
diminished (diene 3.51, 92:8 E:Z, 89:11 dr). When 2-naphthylsubstituted cyclopropene 
(3.52) was used with (R)-phenylpropenol, the reaction was complete in five minutes and 
diene 3.53 was obtained in 76% yield and highly diastereoselectivity (91:9 E:Z, 96:4 dr). 
When cyclopropene 3.52 was employed with (S)-butenol, diene 3.54 was obtained in 
similar yield and selectivity vs 3.53, although the reacton required 15 min to go to 
completion (84% yield, 86:14 E:Z, 97:3 dr). Finally, when an acetoxymethylsubstituted 
cyclopropene (3.55) was used in the presence of (R)-phenypropenol, the reaction was 
much slower and much less efficient, requiring 5 mol % catalyst and a reaction time of 4 
h to reach complete conversion; additionally, in order to avoid rapid dimerization of the 
cross partner, (R)-phenylpropenol was added slowly by syringe pump over the course of 
the reaction, and under these conditions diene 3.56 was obtained in 80% yield (89:11 E:Z, 
95:5 dr). 
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In addition to examining ROCM of cyclopropenes with allylic alcohols, we also 
studied ROCM of cyclobutenes with allylic alcohols (Figure 3.17). When TBS protected 
cyclobutene 3.57 was treated with (R)-phenylpropenol in the presence of 2 mol % 
catalyst 3.22, after 2 h >98% conv of the cross partner was observed, delivering diene 
3.58 as a mixture of E/Z isomers (59:41 E:Z). Unlike the cyclopropene derived products, 
the E/Z isomers of cyclobutene derived products were separable by silica gel 
chromatography, and thus E-3.58 was isolated in 51% yield and 98:2 dr, and Z-3.58 was 
isolated in 36% yield and 98:2 dr. When (S)-phenylbutene was used, only 45% 
conversion was observed after 14 h, and the opposite sense of diastereoselectivity was 
observed for product 3.59 (consistent with H-bonding controlling selectivity in a similar 
sense to the cyclopropene ROCM). Following separation of E/Z isomers, E-3.59 was 
isolated in 21% yield and 90:10 dr, and Z-3.59 was isolated in 16% yield and 83:17 dr. 
When diol 3.50 was used, >98% conv of cross partner was observed and diene 3.60 was 
obtained in 64:36 Z:E, which is noteworthy since moderate Z selectivity is observed for 
this substrate. Following separation of E/Z isomers, Z-3.60 was isolated in 48% yield and 
83:17 dr, and E-3.60 was isolated in 27% yield and 90:10 dr. When cyclobutene 3.61 was 
utilized with (R)-phenylpropenol, >98% conv of cross partner was observed and diene 
3.62 was obtained as a mixture of E/Z isomers (56:44 E:Z). Following separation of E/Z 
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isomers, E-3.62 was isolated in 45% yield and 98:2 dr, and Z-3.62 was isolated in 36% 
yield and 97:3 dr. 
We have proposed a stereochemical model for diastereoselective cyclobutene 
ROCM, in which the major diastereomer of both the E and Z isomers arise from an 
intramolecular H-bonded Ru-carbene complex (Figure 1.18). Complex 3.63, in which the 
cyclobutene allylic protons are oriented towards the Ru-center and away from the H-
bonded chelate, leads to the E-isomer; the Z-isomer arises from complex 3.64, in which 
the allylic protons are oriented toward the H-bonded chelate rather than away from it. It 
follows from the model that the Z and E isomers should have the opposite sense of 
diastereoselectivity (consistent with experimental observations), and the lack of E/Z 
selectivity is likely due to the inability to differentiate between the unhindered face of the 
cyclobutene (thus the rotation that converts complexes 3.63 and 3.64 is predicted to be 
very low in energy). Alternatively, the Ru-complex may have no preference for which 
orientation it binds cyclobutene, which would also lead to low E/Z selectivity. 
We also examined the ROCM of azanorbornene 3.65 and (R)-phenylpropenol, 
and we found that in the presence of 2 mol % Ru-catalyst 3.22, after 2.5 h heterocycle 
3.66 was obtained in 73% yield as a mixture of E/Z isomers (60:40 E:Z) and each isomer 
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was found to have a diastereoselectivity of >98:2 dr (Figure 1.19). It therefore appears 
that  across a broad range of cyclic substrates and with a variety of allylic alcohols, 
diastereoselective ROCM is a fairly general process that allow access to chiral allylic 
alcohol derivatives in high diasteroselectivity. 
In order to attempt to understand the mechanistic details of H-bond controlled 
diastereoselective ROCM, we varied the structure of the Ru-catalyst to determine the 
effect on E and diastereoselectivity (Figure 3.20). Catalyst 3.67 is more sterically 
encumbered than catalyst 3.22, and this led to a marked decrease in efficiency (30% 
yield) and a reduction in selectivity (83:17 E:Z, 95:5 dr). Catalyst 3.68 is somewhat more 
sterically exposed than catalyst 3.67, but still not as unencumbered as catalyst 3.22, and 
so a modest increase in efficiency vs 3.67 was observed (46% yield) and similar 
selectivity (83:17 E:Z, 91:9 dr). Catalyst 3.69 is more sterically exposed than 3.22, 
however, it is not as efficienct as catalyst 3.22, likely due to more rapid decomposition 
(54% yield); selectivity also suffers with this complex (80:20 E:Z, 88:12 dr). 
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Furthermore, the corresponding tricyclohexylphosphine analog of complex 3.22 was 
found to have similar reactivity and selectivity (83% yield, 88:12 E:Z, 95:5 dr). 
Finally, we attempted to disrupt the H-bonded chelate complex by adding 10 
equiv of a protic additive to the reaction of cyclopropene 3.21 and (R)-phenylpropenol 
(Figure 3.21). We found that t-BuOH was capable of slightly reducing both E and  
diasteroselectivity, but caused a dramatic decrease in the reaction efficiency, suggesting 
that t-BuOH is capable of disrupting the intermolecular H-bond (which accelerates 
catalysis) more than it is capable of disrupting the intramolecular H-bond (which controls 
selectivity). Additionally, water was also found to be capable of disrupting H-bonding, 
but not as efficiently as t-BuOH (likely due to low solubility of water in toluene). Further 
studies will be required using other H-bond donors to elucidate the mechanistic details of 
this transformation, since in principle full disruption of the intramolecular H-bond should 
lead to a reversal in the sense of diastereoselectivity. 
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3.4 Experimentals 
General. Infrared (IR) spectra were recorded on a Bruker alpha 
spectrophotometer (ATR mode), 
€ 
˜ vmax  in cm-1.  Bands are characterized as broad (br), 
strong (s), medium (m), or weak (w).  1H NMR spectra were recorded on a Varian Unity 
INOVA 400 (400 MHz) spectrometer.  Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance resulting from incomplete deuteration as the 
internal standard (CDCl3: δ 7.26 ppm).  Data are reported as follows: chemical shift, 
integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = 
multiplet), and coupling constants (Hz).  For clarity 1H NMR peaks are treated as first-
order coupled spin systems; strongly coupled 1H NMR spectra are reported following 
Pople notation14 where possible.  13C NMR spectra were recorded on a Varian Unity 
INOVA 400 (100 MHz) spectrometer with complete proton decoupling.  Chemical shifts 
are reported in ppm from tetramethylsilane with the solvent resonance as the internal 
standard (CDCl3: δ 77.16 ppm). High-resolution mass spectrometry analysis was 
performed on a Micromass LCT ESI-MS (positive mode) at the Mass Spectrometry 
Facility, Boston College.  Enantiomeric ratios of starting materials and diastereomeric 
ratios of products were determined by GLC analysis (Alltech Associated Chiraldex GTA 
column (30 m x 0.25 mm) or Betadex 120 column (30 m x 0.25 mm)) or HPLC analysis 
(Daicel Chiracel/Chiralpak OD, AS, OJ-H, and AD columns (0.46 cm x 25 cm)) in 
comparison with authentic racemic materials.  For GLC analysis, the inlet and detector 
temperatures were set to 250 °C and runs were isothermal of the temperature given using 
                                                
(14) Bernstein, H. J.; Pople, J. A.; Schneider, W. G. Can. J. Chem. 1957, 35, 65–81. 
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ultra high purity helium as the carrier gas.  Specific rotations were measured on a 
Rudolph Research Analytical Autopol IV Polarimeter. 
Materials. Unless otherwise noted, all reactions were carried out with distilled 
and degassed solvents under an atmosphere of dry N2 in oven (135 °C) or flame-dried 
glassware with standard dry box or vacuum-line techniques.  Solvents were purified 
under a positive pressure of dry Ar by a modified Innovative Technologies purification 
system: toluene, benzene and pentane were purified through a copper oxide and alumina 
column; CH2Cl2 and Et2O were purged with Ar and purified by passage through two 
alumina columns.  Tetrahydrofuran (Aldrich) was purified by distillation from sodium 
benzophenone ketyl immediately prior to use unless otherwise specified.  All work-up 
and purification procedures were carried out with reagent grade solvents (purchased from 
Doe & Ingalls) under air. 
(R)-1-Phenyl-2-propen-1-ol was purchased from Fluka and purified by column 
chromatography.  Enantiomeric ratio was determined by HPLC analysis (Chiracel OD 
column, 98:2 hexanes:2-propanol, 1 mL/min, 220 nm) in comparison with authentic 
racemic material.   
(S)-3-Buten-1,2-diol was purchased from Fluka and used as received.  Enantiopurity was 
determined from the mono-silylated diol (cf. 3.50, see below) by GLC analysis. 
3,4-Dichloro-cis-cyclobutene was purchased from Fluka and used as received.   
Ruthenium complex 3.22 was obtained from Materia, Inc. and purified by silica gel 
chromatography (TSI SiO2, 100% CH2Cl2) followed by a bilayer recrystallization from a 
minimum of CH2Cl2 and a large excess of pentane. 
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Ruthenium complex 3.67 was obtained from Materia, Inc. and purified by silica gel 
chromatography (TSI SiO2, 100% CH2Cl2) followed by a bilayer recrystallization from a 
minimum of CH2Cl2 and a large excess of pentane. Alternatively, it has been prepared 
following a literature procedure.15 
Ruthenium complex 3.6816 was obtained from Materia, Inc. and purified by silica gel 
chromatography (TSI SiO2, 100% CH2Cl2) followed by a bilayer recrystallization from a 
minimum of CH2Cl2 and a large excess of pentane. 
Ruthenium complex 3.6917 was obtained from Materia, Inc. and purified by SiO2 
chromatography (TSI SiO2, 100% CH2Cl2) followed by a bilayer recrystallization from a 
minimum of CH2Cl2 and a large excess of pentane. 
Second-generation Grubbs Catalyst 3.70 was obtained from Materia, Inc. and purified 
according to literature procedure.18 
Manganese dioxide was prepared according to a known literature procedure.19 
t-Butyldimethylsilylchloride (TBSCl) was purchased from Oakwood Products, Inc. and 
used as received. 
Benzyl alcohol was purchased from Aldrich and distilled from CaH2 prior to use. 
2-(iso-Propenyl)naphthalene was purchased from TCI America and used as received.   
                                                
(15) Courchay, F. C.; Sworen, J. C.; Wagener, K. B. Macromolecules 2003, 36, 8231–8239. 
(16) Berlin, J.; Campbell, K.; Ritter, T.; Funk, T. W.; Chlenov, A.; Grubbs, R. H. Org. Lett. 2007, 9, 1339–
1342. 
(17) Stewart, I. C.; Ung, T.; Pletnev, A. A.; Berlin, J. M.; Grubbs, R. H.; Schrodi, Y. Org. Lett. 2007, 9, 
1589–1592. 
(18) Trnka, T. M.; Morgan, J. P.; Sanford, M. S.; Wilhelm, T. E.; Scholl, M.; Choi, T. -L.; Ding, S.; Day, 
M. W.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 2546–2558. 
(19) See γ-MnO2 preparation in Encyclopedia of Organic Reagents; Paquette, L. A., Ed.; John Wiley & 
Sons: West Sussex, England, 1995. 
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(R)-3-Buten-2-ol (3.48).  A flame-dried round-bottom flask, equipped with a stirbar and 
reflux condenser, was charged with 451 mg (11.8 mmol, 0.8 equiv) lithium aluminum 
hydride under a N2 atmosphere.  Anhydrous Et2O (15 mL) was added, and the resulting 
suspension was allowed to stir vigorously and cooled to 0 °C.  (R)-3-Butyn-2-ol (1.000 g, 
14.3 mmol, 1.0 equiv) was dissolved in 5.0 mL anhydrous Et2O and the resulting mixture 
was added to the LAH suspension dropwise (five min) through a syringe.  The solution 
was brought to a gentle reflux, and stirring was allowed to proceed for 48 hours.  At this 
time, the mixture was cooled to 0 °C, and saturated aqueous Rochelle’s salt was added, 
dropwise, until gas evolution ceased (CAUTION: extremely exothermic), at which point 
the mixture had formed a suspension of fine gray-white solids.  Addition of 20 mL Et2O 
was followed by removal of the solids through a pad of celite, which was subsequently 
washed with an additional 20 mL Et2O; the resulting filtrate was concentrated (care must 
be taken, since product is volatile).  The resulting clear, colorless oil was distilled under 
vacuum at 22 °C, affording 318 mg desired product as clear colorless oil (4.41 mmol, 
31% yield).  The identity of the product was ascertained through 1H NMR analysis, 
which proved consistent with previous reports.20  The spectrum also revealed the presence 
of 13% R-2-butanol (not separable from the desired product).  Enantiomeric ratio (91:9 
er) was measured by GLC chromatography (β-dextran, 15 psi, 40 °C). 
                                                
(20) Helfer, D. F.; Phaho, D. S.; Atwood, J. D. Organometallics, 2006, 25, 410–415. 
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(S)-1-(t-Butyldimethylsilyloxy)but-3-en-2-ol (3.50).  This material was prepared from 
commercially available enantiomerically enriched materials through a modified literature 
procedure.21  Enantiomeric ratio (>98:2 er) was measured by GLC chromatography (β-
dextran, 15 psi, 60-120 °C, +0.5°C/min). 
 (S)-3-Phenyl-1-butene (3.30). Prepared based on a previously reported procedure.22  
Enantiomeric ratio (93.5:6.5 er) was established by enantioselective GLC in comparison 
to authentic racemic sample (Chiraldex β-dex, 15 psi, 60 °C). 
 (R)-5-Phenylpent-1-en-3-ol (3.46).  This material was prepared in enantiomerically 
enriched form through a previously reported procedure (spectral data consistent reported 
literature values).23 Enantiomeric ratio (93:7 er) was established by HPLC analysis in 
comparison with authentic racemic material (Daicel Chiralpak OJ-H column, 95:5 
hexanes:2-propanol, 1.0 mL/min, 210 nm).  The absolute configuration of 3.46 was 
assigned as R, based on a previous report.24 
Cyclopropene 3.21.  This material was prepared according to a previously reported 
procedure.25 
Cyclopropene 3.52.  This material was synthesized according to a previously reported 
procedure from 2-isopropenylnaphthalene,25 and was isolated as a clear, colorless liquid 
in 63% yield (129 mg, 0.717 mmol).  IR(neat): 3054 (w), 2966 (w), 2944 (w), 2862 (w), 
                                                
(21) Chaudray, S. K.; Hernandez, O. Tetrahedron Lett. 1979, 20, 99–102 
(22) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877–6882. 
(23) Guzman-Martinez, A.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 10634-10637. 
(24) Binder, J . T.; Kirsch, S. F. Chem. Commun. 2007, 4164–4166.  
(25) Rubin, M.; Gevorgyan, V. Synthesis 2004, 796–800 
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1638 (m), 1627 (m), 1597 (m), 1504 (m), 1452 (m), 1374 (w), 1273 (m), 1188 (m), 1129 
(m), 1063 (m), 992 (m), 959 (m), 947 (m), 889 (m), 855 (s), 818 (s), 773 (s), 762 (s), 740 
(s), 619 (s), 594 (s), 473 (s) cm-1;1H NMR (CDCl3, 400 MHz): 7.81 (2H, br d, J = 8.0 
Hz), 7.76 (1H, d, J = 8.4 Hz), 7.71 (1H, s), 7.48-7.40 (2H, m), 7.36 (2H, s), 7.34 (1H, 
ddd, J = 8.4, 1.6, 1.6 Hz), 1.76 (3H, t, J = 0.8 Hz); 13C NMR (CDCl3, 100 MHz): 147.5, 
133.5, 131.6, 127.7, 127.6, 127.3, 126.0, 125.1, 124.8, 124.7, 115.9, 25.7, 22.3; HRMS 
(ESI+): Calcd for C14H13 (M+): 181.10173. Found: 181.10177. 
 
3,4-Bis(benzyloxy)-cis-cyclobutene (3.61).  This material was prepared by a 
modification of a previously reported procedure.26  In a flame-dried round-bottom flask 
equipped with a reflux condenser, were mixed NaH (1.380 g, 57.6 mmol, 2.24 equiv) and 
THF (25 mL).  To this slurry was added benzyl alcohol (14.0 mL, 135 mmol, 5.25 equiv) 
drop-wise at 0 °C with vigorous stirring.  The mixture was allowed to stir at 0 °C until all 
solids dissolved (~15 min).  3,4-Dichloro-cis-cyclobutene (3.180 g, 25.9 mmol, 1.00 
equiv) was added and the mixture was allowed to stir at 65 °C for 12 h.  After the flask 
was allowed to cool to 22 °C, H2O was added (drop-wise; 25 mL) while stirring 
continued.  The resulting solution was diluted with diethyl ether (100 mL).  Layers were 
separated and aqueous layer was washed with Et2O (2 x 50 mL). The combined organic 
layers were washed with brine, dried over anhydrous MgSO4, filtered, and concentrated 
in vacuo to afford brown oil.  Purification by silica gel chromatography (10:1 
                                                
(26) Kirmse, W.; Scheidt, F.; Vater, H-J. J. Am. Chem. Soc. 1978, 100, 3945–3946. 
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hexanes:Et2O) afforded the desired product 3.61 as a colorless oil (1.78 g, 6.67 mmol, 
78% yield). IR (neat): 3087 (w), 3061 (w), 3030 (w), 2861 (m), 2771 (w), 1952 (w), 1873 
(w), 1810 (w), 1606 (w), 1586 (w), 1496 (m), 1453 (m), 1396 (w), 1378 (w), 1332 (m), 
1299 (w), 1255 (w), 1207 (m), 1161 (s), 1102 (s), 1062 (s), 1026 (s), 943 (w), 906 (w), 
840 (w), 802 (m), 730 (s), 695 (s), 656 w), 610 (w), 592 (w), 556 (w), 516 (w), 459 (w) 
cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.40-7.27 (10H, m), 6.38-6.37 (2H, m), 4.76 (2H, B 
of AB, JAB = 11.6 Hz), 4.76-4.75 (2H, m), 4.65 (2H, A of AB, JAB = 11.6 Hz); 13C NMR 
(CDCl3, 100 MHz): δ 142.2, 138.8, 128.5, 128.0, 127.7, 81.4, 71.0; HRMS (ESI+): Calcd 
for C18H18O2 (M+): 266.1307. Found: 266.1311. 
3,4-Bis(tert-butyldimethylsilyloxy)-cis-cyclobutene (3.57).  In a two-neck flask 
equipped with a Dewar condenser, anhydrous NH3 (~40 mL) was condensed at -78 °C 
with stirring (to avoid freezing ammonia), and sodium metal (952 mg, 41.4 mmol, 8.34 
equiv.) was dissolved, causing the solution to turn blue.  Bis-benzylcyclobutene, 
described above, (1.32 g, 4.96 mmol, 1.00 equiv.) was added to this mixture as a solution 
in dry Et2O (10 mL) and t-BuOH (3.6 mL).  The resulting mixture was allowed to stir for 
5 min, and NH4Cl (s) was added carefully until blue color dissipated.  The resulting 
mixture was diluted with with 1:1 mixture of CH2Cl2:Et2O (50 mL) (added slowly to 
avoid rapid refluxing ammonia), and was allowed to warm slowly to 22 °C while stirring 
was allowed to continue.  The solution was diluted with an equal mixture of CH2Cl2:Et2O 
(50 mL), filtered, and concentrated in vacuo to afford meso-cyclobut-1-en-3,4-diol (435 
mg, 5.06 mmol, >98% yield) as an off-white solid.  IR (neat): 3316 (br s), 3251 (br s), 
3053 (w), 2961 (m), 2912 (m), 2853 (m), 1451 (m), 1410 (m), 1316 (m), 1277 (m), 1208 
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(w), 1179 (m), 1157 (s), 1096 (s), 1034 (s), 978 (s), 947 (w), 916 (m), 810 (s), 767 (s), 
697 (w), 615 (s), 567 (s), 490 (m), 478 (m), 440 m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 
6.41-6.40 (2H, m), 4.81-4.80 (2H, m), 2.41 (2H, br s); 13C NMR (CDCl3, 100 MHz): δ 
144.5, 73.9. 
In a round-bottom flask were mixed meso-cyclobut-1-en-3,4-diol (435 mg, 5.06 
mmol, 1.00 equiv), CH2Cl2 (50 mL), 2,6-lutidine (1.80 mL, 15.5 mmol, 3.07 equiv). The 
mixture was allowed to cool to –78 °C, and tert-butyldimethylsilyl triflate (2.90 mL, 12.6 
mmol, 2.49 equiv) was added in a drop-wise fashion.  The mixture was allowed to warm 
to 22 °C with stirring. After 12 hours, the solution was allowed to cool to –78 °C and 
methanol (~2 mL) was added, drop-wise.  The resulting mixture was allowed to warm to 
22 °C and volatiles were removed in vacuo to leave behind biphasic (colorless/brown) 
oil.  Purification by silica gel chromatography (50:1 hexanes:Et2O) delivered 3.57 (1.18 
g, 3.74 mmol, 74% yield over 2 steps) as a colorless oil.  IR (neat): 3047 (w), 2954 (m), 
2929 (m), 2884 (m), 2857 (m), 1472 (m), 1463 (m), 1407 (w), 1389 (w), 1360 (m), 1295 
(w), 1220 (s), 1192 (s), 1174 (s), 1120 (s), 1059 (w), 1006 (w), 987 (w), 921 (m), 895 
(m), 861 (s), 832 (s), 772 (s), 695 (m), 671 (m), 652 (m), 580 (w), 518 (w), 478 (w) cm-1; 
1H-NMR (CDCl3, 400 MHz): δ 6.27-6.26 (2H, m), 4.84-4.83 (2H, m), 0.91 (18H, s), 0.10 
(6H, s), 0.09 (6H, s); 13C-NMR (CDCl3, 100 MHz): δ 143.0, 76.3, 26.2, 18.6, –4.0, –4.4. 
HRMS (ESI+): Calcd for C16H35O2Si2 (M+H)+: 315.2176. Found: 315.2179. 
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General Procedure for Ru-catalyzed DROCM of cyclopropenes.   
(1R,4S,E)-4-methyl-1,4-diphenylhexa-2,5-dien-1-ol (3.27).  Cyclopropene 3.21 (24.6 
mg, 0.189 mmol, 1.5 equiv) and (R)-1-phenyl-2-propen-1-ol (3.26) (95.5:4.5 er; 16.9 mg, 
0.126 mmol, 1.0 equiv) were weighed into a one-dram vial charged with a stir bar.  The 
vial was purged with nitrogen for ~5 seconds, and toluene (0.660 mL) was added.  A 
solution of Ru complex 3.22  (0.590 mg in 0.290 mL of toluene, 0.005 equiv) was added 
as a single portion (total volume of toluene is 0.950 mL, or 0.2 M with respect to 3.26). 
The vial was capped and the solution was allowed to stir for 5 min.  After 5 min, the 
reaction was quenched by loading the mixture onto a short column of SiO2 and eluted 
with 1:1 hexanes/Et2O.  The volatiles were evaporated and the resulting pale yellow 
residue was purified by silica gel chromatography (10:1 to 6:1 hexanes:Et2O) to afford 
28.9 mg of 3.27 as a clear, colorless oil (10:1 E:Z, 0.109 mmol, 87% yield).  IR (neat): 
3541 (br m), 3349 (m), 3083 (m), 3059 (m), 3028 (m), 3003 (m), 2972 (m), 2928 (m), 
2872 (m), 1491 (m), 1445 (m), 1027 (m), 1001 (m), 976 (m), 915 (m), 763 (m), 670 (m) 
cm-1; E-isomer (major): 1H NMR (CDCl3, 400 MHz): δ 7.41−7.35 (4Η, m), 7.33-7.27 
(5H, m), 7.26-7. 21 (1H, m), 6.07 (1H, dd, J = 17.2, 10.4 Hz), 6.05 (1H, dd, J = 14.4, 0.8 
Hz), 5.69 (1H, dd, J = 15.6, 6.4 Hz), 5.28 (1H, dd, J = 6.4, 2.8 Hz), 5.13 (1H, dd, J = 
10.4, 1.2 Hz), 5.00 (1H, dd, J = 17.6, 1.2 Hz), 1.94 (1H, d, J = 3.6 Hz), 1.52 (3H, s); 13C 
NMR (CDCl3, 100 MHz): δ 146.2, 145.1, 143.3, 139.1, 138.8, 133.1, 130.8, 128.7, 128.6, 
128.4, 128.3, 127.8, 127.6, 127.3, 127.2, 126.4, 113.1, 75.3, 65.3, 47.4, 25.6; HRMS 
(ESI+): Calcd for C19H19 [M-OH]+: 247.14917. Found: 247.14868; Diastereomeric ratio 
was established by HPLC analysis of the derived enone (see below).  
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 (S,E)-4-Methyl-1,4-diphenylhexa-2,5-dien-1-one (3.27a).  An oven-dried two-dram vial 
equipped with a stir bar was charged with 3.27 (17.9 mg, 0.068 mmol, 1 equiv).  Diethyl 
ether (2.0 mL) was added through a syringe followed by manganese dioxide (179 mg, 10 
mg/mg of substrate, ~30 equiv).  The resulting suspension was allowed to stir vigorously 
until the reaction was determined to be complete according to TLC analysis (45 min).  
The mixture was filtered through a short pad of celite, which was then washed with 
diethyl ether (3 x 5.0 mL).  The volatiles were removed in vacuo, affording a colorless 
oil, which was purified by silica gel chromatography (15:1 hexanes:Et2O).  Enone 3.27a 
(10:1 E:Z) was isolated as a clear, colorless oil (14.5 mg, 0.055 mmol, 81% yield).  The 
following data is for the E-3.27a (major).  IR (neat):  3084 (w), 3058 (w), 3026 (w), 2973 
(w), 2928 (w), 1725 (w), 1670 (s), 1615 (s), 1598 (m), 1579 (m), 1492 (m), 1447 (m), 
1329 (m), 1293 (m), 1226 (m), 1015 (m), 920 (m), 764 (m), 698 (m) cm-1; 1H NMR 
(CDCl3, 400 MHz): δ 7.92-7.90 (2H, m), 7.58-7.54 (1H, m), 7.49-7.44 (2H, m), 7.37-7.30 
(4H, m), 7.27-7.23 (2H, m), 6.83 (1H, d, J = 15.6 Hz), 6.14 (1H, dd, J = 17.4, 10.4 Hz), 
5.26 (1H, dd, J = 10.8, 1.2 Hz), 5.11 (1H, dd, J = 17.2, 0.8 Hz), 1.64 (3H, s).  
Diastereomeric ratio was established by HPLC analysis in comparison with authentic 
racemic material (91.5:8.5 er shown; after correction for 95.5:4.5 er of starting material, 
results in a diastereoselectivity of 96:4 dr; Daicel Chiralpak OD column (99.5:0.5 
hexanes:2-propanol, 0.7 mL/min, 220 nm) was used. 
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 Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 15.59 20612370 47.015 1 15.78 286595 7.967 
2 17.39 20588760 46.961 2 17.79 3158918 87.814 
3 23.75 1335308 3.046 3 23.56 110317 3.067 
4 25.88 1305651 2.978 4 25.48 41447 1.152 
(1R,4R,E)-1-Methoxy-4-methyl-1,4-diphenyl-hexa-2,5-diene (3.29). The previously 
described procedure was used except that the reaction was allowed to proceed for 18 
hours.  IR (neat): 3084 (w), 3059 (w), 3027 (w), 2974 (w), 2931 (w), 2820 (w), 1634 (w), 
1600 (w), 1492 (m), 1446 (m), 1409 (w), 1369 (w), 1308 (w), 1187 (w), 1156 (w), 1086 
(m), 1028 (w), 1000 (w), 975 (m), 912 (m), 850 (w), 762 (m), 731 (m), 697 (s), 635 (w), 
620 (w), 572 (w), 538 (w), 431 (w) cm–1; 1H NMR (CDCl3, 400 MHz): 
δ 7.36−7.27 (E/Z, 6Η, m), 7.24 (E/Z, 3H, s), 7.20-7.15 (E/Z, 1H, m), 6.04 (E, 1H, dd, J = 
17.4, 10.6 Hz; Z, 1H, overlapping dd, J = 17.2, 10.4 Hz), 5.95 (E, 1H, dd, J = 15.6, 0.8 
Hz; Z, 1H, overlapping dd, J = 15.6, 0.8 Hz), 5.55 (E/Z, 1H, dd, J = 15.6, 6.8 Hz), 5.10 
(E, 1H, dd, J = 10.8, 1.2 Hz; Z, 1H, overlapping dd, J = 10.8, 0.8 Hz), 4.97 (E, 1H, dd, J 
= 17.6, 0.8 Hz; Z, 1H, overlapping dd, J = 17.2, 0.8 Hz), 4.67 (E/Z, 1H, d, J = 6.8 Hz), 
3.32 (E/Z, 3H, s), 1.49 (Z, 3H, s), 1.47 (E, 3H, s); 13C NMR (CDCl3, 100 MHz): δ 146.3, 
146.0, 145.0, 141.6, 139.8, 139.0, 129.3, 128.6, 128.3, 127.6, 127.2, 126.9, 126.3, 113.1, 
84.5, 56.5, 47.6, 29.8, 28.8, 25.6; HRMS (ESI+): Calcd for C19H19 [M-OMe]+ 247.1487.  
  
E isomer E isomer
Z isomer Z isomer
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Found: 247.1492.  Diastereomeric ratio was determined by analysis of a derivative (see 
below). 
 
Following the conditions described for 3.57, methyl ether 3.29 (10.5 mg, 0.038 mmol, 1 
equiv) and Na(0) metal (10.4 mg, 0.045 mmol, 12 equiv), after purification by silica gel 
chromatography (100% hexanes) afforded the derived reduced intermediate 3.29a as a 
clear, colorless oil (8.4 mg, 0.034 mmol, 89% yield, >98:2 E:Z). 1H NMR (CDCl3, 400 
MHz):  δ 7.33-7.27 (6Η, m), 7.24-7.22 (4H, m), 6.12 (1H, dd, J = 17.4, 10.6 Hz), 5.79 
(1H, d, J = 15.9 Hz), 5.63 (1H, dt, J = 15.5, 6.7 Hz), 5.15 (1H, dd, J = 10.8, 1.6Hz), 5.05 
(1H, dd, J = 17.2, 1.2 Hz), 3.43 (2H, d, J = 6.6 Hz), 1.49 (3H, s); HRMS (ESI+): Calcd 
for C19H20 [M+]: 249.1643.  Found: 249.1632. 
 An oven-dried vial equipped with a stir bar was charged with 8.4 mg of diene 
product obtained from the above reduction (0.034 mmol, 1 equiv), and after purging for 
one minute, 9-BBN in THF was added (0.500 mL) under N2.  The resulting mixture was 
allowed to stir for 18 h at 22 °C, after which time it was allowed to cool to 0 °C.  Ethanol 
(1.0 mL) was added, followed by aqueous KOH (1 mL); drop-wise addition of H2O2 (0.5 
mL, 35% wt/v; strongly exothermic) was subsequently performed.  The mixture was 
allowed to stir for 5 h at 22 °C, after which the reaction was quenched by addition of an 
aqueous solution of HCl (10 mL).  Layers were separated, and the aqueous layer was 
washed with CH2Cl2 (3 x 10mL).  The organic layers were combined, dried with MgSO4, 
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and concentrated in vacuo.  The resulting yellow oil was purified by silica gel 
chromatography (10% EtOAc/hexanes), affording the desired alcohol 3.29b (same as 
alcohol R-f in the section below regarding proof of stereochemistry) as a yellow oil (5.8 
mg, 0.022 mmol, 64% yield). 1H NMR (CDCl3, 400 MHz): δ 7.43-7.29 (5Η, m), 7.22-
7.07 (5H, m), 5.77 (1H, d, J = 16.0 Hz), 5.65 (1H, dt, J = 15.8, 6.7 Hz), 3.67-3.56 (2H, 
m), 3.42 (2H, d, J = 6.8 Hz), 2.17-2.03 (3H, m), 1.42 (3H, s); HRMS (ESI+): Calcd for 
C19H22O [M+NH4+]: 284.2014.  Found: 284.2003. Diastereomeric ratio was established 
by HPLC analysis in comparison with authentic racemic material (75:25 er).  Correction 
for 95:5 er of starting material results in a diastereoselectivity of 79:21 dr;  Daicel 
Chiralpak AS column (97:3 hexanes:2-propanol, 0.5 mL/min, 220 nm) was used. 
Please note: The E and Z product isomers bear the quaternary stereogenic center of 
opposite stereoconfiguration.  Due to isomerization of the Z isomer to the E isomer under 
dissolving metal reduction conditions, the observed diastereomeric ratio of 3.29 presents 
a lower limit for the diastereoselectivity of the catalytic DROCM reaction (3.22→3.29).  
Separation of E and Z isomers of 3.29 could not be achieved by silica gel or AgNO3-
impregnated silica gel chromatography. 
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 Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 37.29 7085191 50.395 1 32.38 6015720 75.473 
2 56.81 6974189 49.605 2 50.93 1954920 24.527 
(2S,5S,E)-5-Methyl-2,5-diphenylhepta-3,6-diene (3.31).  The previously described 
procedure was used except that 18 hours of reaction time.  Silica gel chromatography 
(100% hexanes) afforded the desired product 3.31, which was isolated as the E isomer 
(>98% E).  It should be noted that the unpurified product was obtained as a 9:1 E:Z 
mixture.  IR (neat): 3082 (w), 3059 (w), 3025 (w), 2966 (m), 2928 (w), 2871 (w), 1633 
(w), 1600 (w), 1491 (m), 1446 (m), 1409 (w), 1370 (w), 1285 (w), 1184 (w), 1156 (w), 
1073 (w), 1028 (w), 1008 (m), 999 (m), 976 (m), 913 (m), 841 (w), 760 (s), 696 (s), 535 
(m) cm–1; 1H NMR (CDCl3, 400 MHz): δ 7.34-7.28 (6H, m), 7.25-7.18 (4H, m), 6.09 (1H, 
dd, J = 17.4, 10.6 Hz), 5.75 (1H, dd, J = 15.8, 1.0 Hz), 5.63 (1H, dd, J = 16, 6.4 Hz), 5.12 
(1H, dd, J = 10.4, 1.2 Hz), 5.00 (1H, dd, J = 17.4, 1.4 Hz), 3.53 (1H, apparent quintet, J = 
7.0 Hz), 1.49 (3H, s), 1.40 (3H, d, J = 6.8 Hz); 13C NMR (CDCl3, 100 MHz): δ 147.1, 
146.5, 145.8, 136.1, 133.6, 128.6, 128.3, 127.4, 127.4, 126.2, 126.2, 112.7, 47.6, 42.5, 
26.0, 21.8; HRMS (ESI+): Calcd for C20H23 [M+H]+: 263.1800 Found: 263.1793.  
Diastereomeric ratio was established by HPLC analysis of a derived lactone (below).  
 
 
E isomer
E isomer
Z isomer
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 Following well-established procedures,27,28 the above sequence was carried out on diene 
3.29 (73% and 51% yield, respectively).  Diastereomeric ratio (dr) was established by 
HPLC analysis in comparison with authentic racemic material (85:15 er).  After 
correction for 94:6 er of starting material, diastereoselectivity is calculated as 91:9 dr; 
Daicel Chiralpak OJ-H column (9:1 hexanes:2-propanol, 0.7 mL/min, 210 nm) was used. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 33.48 1695685 50.009 1 34.38 14177810 84.862 
2 38.15 1695055 49.991 2 39.54 2529071 15.138 
(3R,6R,E)-6-Methyl-1,6-diphenylocta-4,7-dien-3-ol (3.47). The previously described 
procedure was used except that 3 equiv of cyclopropene 3.21 was used, and the reaction 
was allowed to proceed for 15 minutes.  Silica gel chromatography (5% EtOAc in 
hexanes) afforded the desired product was isolated as a 4:1 E:Z mixture.  IR (neat): 3347 
(br w), 3083 (w), 3059 (w), 3025 (w), 2971 (w), 2928 (w), 2860 (w), 1634 (w), 1600 (w), 
                                                
(27) Marshall, J. A.; Garofalo, A. W. J. Org. Chem. 1993, 58, 3675–3680.  
(28) Spielvogel, D. J.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 3500–3501.  
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1493 (m), 1454 (m), 1445 (m), 1409 (w), 1369 (w), 1303 (w) 1156 (w), 1099 (w) 1050 
(w), 1029 (m), 1000 (w), 979 (m), 915 (m), 820 (w), 764 (m), 747 (m), 699 (s), 536 (w), 
495 (w) cm –1; 1H NMR (CDCl3, 400 MHz: δ 7.35-7.28 (E/Z, 3H, m), 7.24-7.18 (E/Z, 3H, 
m), 6.21 (Z, 1H, dd, J = 17.4, 10.6 Hz), 6.08 (E, 1H, dd, J = 17.4, 10.6 Hz), 5.93 (E, 1H, 
dd, J = 16.0, 1.2 Hz), 5.82 (Z, 1H, dd, J = 12.4, 0.8 Hz), 5.52 (E, 1H, dd, J = 16.0, 6.8 
Hz), 5.45 (Z, 1H, dd, J = 11.6, 10.0 Hz), 5.16 (E, 1H/Z, 0.5H, dd, J = 10.6, 1.4 Hz), 5.11 
(Z, 0.5H, dd, J = 10.4 Hz, 1.2 Hz), 5.07 (Z, 0.5H, dd, J = 17.6, 1.4 Hz), 5.03 (E, 1H, dd, J 
= 17.2, 1.2 Hz; Z, 0.5H, overlapping dd, J = 17.6, 1.2 Hz), 4.19 (E, 1H, dd, J = 13.0, 6.2 
Hz), 3.99 (Z, 1H, ddd, J = 13.4, 8.8, 4.5 Hz), 2.80-2.66 (E, 2H, m), 2.58-2.51 (Z, 1H, m), 
2.50-2.31 (Z, 1H, m), 1.98-1.82 (E, 2H, m), 1.64-1.47 (Z, 2H, overlapping m), 1.58 (E/Z, 
1H, s), 1.52 (E, 3H, s), 1.45 (Z, 3H, s); 13C NMR (CDCl3, 100 MHz): δ 146.3, 145.3, 
142.1, 139.0 138.7, 134.0, 131.5, 128.6, 128.6, 128.5, 128.4, 127.3, 126.4, 126.0, 125.9, 
113.1, 112.7, 72.6, 67.0, 47.4, 39.2, 38.3, 32.0, 31.9, 30.5, 29.0, 25.7; HRMS (ESI+): 
Calcd for C21H24O [M+NH4]+: 310.2171.  Found: 310.2184.  Diastereomeric ratio was 
established by HPLC analysis of the derived enone (see below). 
(3R,E)-6-Methyl-1,6-diphenylocta-4,7-dien-3-one (enone derived from 3.47). This 
material was accessed by the oxidation procedure with MnO2 (73% yield). The desired 
α,β-unsaturated ketone was obtained as the pure E isomer (>98:<2 E:Z); the Z isomer did 
not undergo oxidation, and the E enone was readily separated from Z alcohol.  IR (neat): 
3084 (w), 3060 (w), 3026 (w), 2969 (w), 2926 (w), 1697 (w), 1673 (m), 1621 (m), 1601 
(w), 1493 (m), 1446 (m), 1408 (w), 1367 (w), 1291 (w), 1167 (w), 1095 (m), 1073 (m), 
1029 (m), 986 (m), 919 (w), 862 (w), 765 (m), 748 (m), 697 (s) 536 (m), 512 (w) cm–1; 
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1H NMR (CDCl3, 400 MHz): δ 7.34-7.28 (4H, m), 7.24-7.18 (6H, m), 7.01 (1H, d, J = 
16.0 Hz), 6.06 (1H, d, J = 16.0 Hz), 6.05 (1H, dd, J = 17.6, 10.0 Hz), 5.21 (1H, d, J = 
10.4 Hz), 5.03 (1H, d, J = 17.2 Hz), 2.96-2.88 (4H, m), 1.54 (3H, s).  Diastereomeric 
ratio was established by HPLC analysis in comparison with authentic racemic material 
(85:15 er); after correction for 93.5:6.5 er of starting material, diastereoselectivity is 
calculated as 91:9 dr).  Daicel Chiralpak OJ-H column (95:5 hexanes:2-propanol, 0.5 
mL/min, 220 nm) was used. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 46.27 37524860 50.145 1 46.55 42969890 85.314 
2 61.56 37307450 49.855 2 63.05 2529071 14.686 
(2R,5R,E)-5-Methyl-5-phenylhepta-3,6-dien-2-ol (3.49). The previously described 
procedure was followed except that 1.3 equiv of cyclopropene 3.21 was used and the 
reaction was allowed to proceed for 15 minutes.  Silica gel chromatography (10% EtOAc 
in hexanes) afforded the desired product (colorless oil) was isolated as a 6:1 E:Z mixture.  
IR (neat): 3341 (br m), 3084 (w), 3057 (w), 3023 (w), 2971 (m), 2929 (w), 2872 (w), 
1634 (w), 1599 (w), 1492 (m), 1445 (m), 1409 (w), 1368 (m), 1289 (w), 1128 (w), 1057 
(m), 1029 (w), 1000 (w), 977 (m), 945 (w) 914 (m), 867 (w), 844 (w), 764 (m), 734 (w), 
698 (s), 592 (w) 534 (m), 432 (w) cm–1; 1H NMR (CDCl3, 400 MHz): δ 7.39-7.30 (E:Z, 
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4H, m), 7.24-7.20 (Ε/Z, 1H, m), 6.25 (Z, 1H, dd, J = 17.4, 10.6 Hz), 6.08 (E, 1H, dd, J = 
17.6, 10.4 Hz), 5.90 (E, 1H, d, J = 15.6 Hz), 5.74 (Z, 1H, d, J = 11.2 Hz), 5.54 (E, 1H, dd, 
J = 16.0, 6.4 Hz), 5.42 (Z, 1H, dd, J = 11.4, 9.4 Hz), 5.15 (E/Z, 1H, dd, J = 10.6, 1.0 Hz), 
5.02 (Z, 1H, dd, J = 17.2, 1.2 Hz; E, 1H, overlapping dd, J = 17.6, 0.8 Hz), 4.40-4.34 (E, 
1H, m), 4.20-4.16 (Z, 1H, m), 1.70 (Z, 1H, s), 1.62 (E, 1H, s), 1.51 (E/Z, 3H, s), 1.31 (E, 
3H, d, J = 6.4 Hz), 1.05 (Z, 0.5H, d, J = 6.4 Hz), 0.97 (Z, 0.5H, d, J = 6.4 Hz); 13C NMR 
(CDCl3, 100 MHz): δ 146.4, 145.3, 137.9, 137.3, 135.3, 132.8, 128.6, 128.5, 128.3, 
127.2, 127.2, 126.4, 113.0, 112.7, 69.2, 63.9, 47.3, 29.3, 25.6, 23.8, 22.4; HRMS (ESI+): 
Calcd for C14H17 [M-OH]+: 185.1330.  Found: 185.1337.  Diastereomeric ratio was 
established by HPLC analysis of the corresponding enone (below). 
(5R,E)-5-Methyl-5-phenylhepta-3,6-dien-2-one and (5S,Z)-5-methyl-5-phenylhepta-
3,6-dien-2-one (enones derived from 3.49). This material was accessed by the oxidation 
procedure with MnO2 (71% yield). The desired α,β-unsaturated ketone was obtained as 
the pure E isomer (>98:<2 E:Z); the Z isomer did not undergo oxidation, and the E enone 
was readily separated from Z alcohol. 
E enone: IR (neat): 3084 (w), 2924 (s), 2853 (m), 1740 (w), 1698 (w), 1677 (s), 1620 
(m), 1600 (w), 1492 (w), 1445 (m), 1359 (m), 1287 (w), 1255 (m), 1175 (w), 1027 (w), 
987 (m), 921 (m), 862 (w), 802 (w), 766 (m), 735 (w), 700 (s), 684 (w), 565 (m), 536 
(w), 473 (w), 408 (w) cm –1; 1H NMR (CDCl3, 400 MHz): δ 7.36-7.27 (3H, m), 7.25-7.21 
(2H, m), 7.00 (1H, d, J = 16.4 Hz), 6.08 (1H, dd, J = 17.6, 10.4 Hz), 6.06 (1H, d, J = 16.4 
Hz), 5.23 (1H, dd, J = 10.6, 1.0 Hz), 5.06 (17.6 Hz, 0.8 Hz), 2.28 (3H, s), 1.57 (3H, s). 
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The corresponding Z enone was synthesized by re-subjection of the Z-3.49, isolated after 
oxidation of E-3.49 (see above), to MnO2-mediated oxidation conditions (93% yield). 
Z enone: 1H NMR (CDCl3, 400 MHz): δ  7.32-7.27 (4H, m), 7.21-7.16 (1H, m), 6.30 
(1H, dd, J = 17.4, 10.6 Hz), 6.05 (2H, overlapping dd, J = 24.4, 13.2 Hz), 5.16 (1H, d, J = 
11.2 Hz), 5.08 (1H, d, J = 17.6 Hz), 1.95 (3H, s), 1.58 (3H, s).  To ascertain the absolute 
stereochemistry of each isomer, the Z-enone was isomerized to the corresponding E 
isomer by treatment with one equivalent of N,N-dimethylaminopyridine in THF (reflux 
for 48 h in a sealed vial).  The resulting E enone was purified as described above.  The dr 
values and relative stereochemistry for the enone isomers were established by HPLC 
analysis, in comparison with authentic racemic material.  For the E isomer, 86:14 er was 
measured; correction for 91:9 er of the starting allylic alcohol results in a 
diastereoselectivity of 95:5 dr.  For the Z isomer, 75:25 er was measured; correction for 
91:9 er of the starting allylic alcohol points to diastereoselectivity of 82:18 dr.  Daicel 
Chiralpak OJ-H column (100:0 hexanes:2-propanol, 0.5 mL/min, 220 nm) was used.   
The data indicate that the E and Z product isomers have the opposite absolute 
configuration at the all-carbon quaternary stereogenic center. 
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 Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 45.15 942274 49.842 1 42.73 92886480 86.101 
2 49.76 948244 50.158 2 48.39 14993790 13.899 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 45.15 942274 49.842 1 43.60 18740050 24.976 
2 49.76 948244 50.158 2 46.12 5629550 75.024 
(2R,5R,E)-5-Hydroxy-2,5-diphenyl-2-vinylpent-3-enyl acetate (3.56). An oven dried 
vial equipped with stir bar was charged with cyclopropene 3.55 (22.6 mg, 0.120 mmol, 1 
equiv) and purged under N2 for a five seconds.  Ru-complex 3.22 (4.6 mg, 0.007 mmol, 
0.06 equiv) was then added in 0.05 mL toluene, and mixture was stirred vigorously.  (R)-
Phenyl-2-propen-1-ol (46.6 mg, 0.347 mmol, 2.9 equiv) was added by syringe pump as a 
solution in 0.80 mL toluene over 4 h. The mixture was then concentrated in vacuo, and 
the product was purified by SiO2 chromatography (5:1 hexanes:EtOAc) afforded the 
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desired product 3.56 as amber-colored oil as a 8:1 E:Z mixture.  IR (neat): 3433 (br w), 
3060 (w), 3028 (w), 2920 (w), 2851 (w), 1737 (s), 1671 (w), 1600 (w), 1493 (m), 1448 
(m), 1378 (m), 1231 (s), 1033 (m), 980 (w), 922 (m), 851 (w), 803 (w), 762 (m), 698 (s), 
634 (w), 604 (w), 542 (w) cm –1; 1H NMR (CDCl3, 400 MHz): δ 7.37-7.28 (E/Z, 10H, m), 
6.39 (Z, 1H, d, J = 17.4, 10.6 Hz), 6.09 (E, 1H, d, J = 16.4 Hz ), 6.07 (E, 1H, dd, J = 17.6, 
10.8 Hz), 5.90 (Z, 1H, d, J = 8.8 Hz ), 5.68 (E, 1H, dd, J = 15.8, 12.4 Hz), 5.41 (Z, 1H, 
dd, J = 10.8, 3.2 Hz), 5.35 (Z, 1H, m), 5.28 (E, 1H, dd, J = 9.6, 1.2 Hz; E, 1H, m), 5.10 
(Z, 1H, d, J = 17.6 Hz), 5.00 (E, 1H, dd, J = 16.4, 0.8 Hz), 4.56 (Z, 2H, s), 4.46 (E, 2H, 
s), 2.02 (Z, 3H, s), 1.96 (E, 3H, s); 13C NMR (CDCl3, 100 MHz): δ 171.2, 143.1, 141.6, 
140.7, 134.3, 133.8, 128.8, 128.5, 128.2, 128.0, 127.1, 126.5, 116.7, 68.6, 51.6, 29.9, 
21.1; HRMS (ESI+): Calcd for C21H21O2 [M-OH]+: 305.1542.  Found: 305.1547.  
Diastereomeric ratio was established by enantioselective HPLC analysis of the 
corresponding enone (below). 
(R,E)-5-Oxo-2,5-diphenyl-2-vinylpent-3-enyl acetate (enone derived from 3.56). This 
material was accessed by the oxidation procedure with MnO2 (26% yield). The desired 
α,β-unsaturated ketone was obtained as a 9:1 E:Z mixture.  IR (neat): 3058 (w), 3027 
(w), 2960 (w), 2919 (w), 2851 (w), 1739 (s), 1670 (m), 1617  (m), 1598 (w), 1579 (w), 
1493 (w), 1447 (m), 1378 (m), 1292 (w), 1223 (s), 1179 (w), 1034 (m), 1016 (s), 926 
(m), 861 (w), 765 (m), 744 (m), 696 (s), 658 (w), 639 (w), 603 (w), 556 (w) cm–1; 1H 
NMR (CDCl3, 400 MHz): δ 7.90 (E, 1H, dd, J = 8.6, 1.4 Hz), 7.81 (Z, 1H, d, J = 6.8 Hz), 
7.59-7.27 (E/Z, 10H, m), 6.86 (E, 1H, d, J = 15.6 Hz), 6.73 (Z, 1H, d, J  = 12.8 Hz), 6.28 
(Z, 1H, d, J = 12.8 Hz), 6.11 (E, 1H, dd, J = 17.6, 10.8 Hz), 5.41 (E, 1H, d, J = 10.8 Hz), 
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5.26 (Z, 1H, d, J = 10.8 Hz), 5.13 (Z, 1H, d, J = 17.6 Hz), 5.10 (E, 1H, d, J = 17.6 Hz), 
4.56 (E, 2H, s), 4.49 (Z, 2H, apparent d, J = 2.0 Hz), 2.02 (E, 3H, s), 1.82 (Z, 3H, s). 
Diastereomeric ratio was established by enantioselective HPLC analysis in comparison 
with authentic racemic material (91.5:8.5 er).  After correction for 95.5:4.5 er of starting 
allylic alcohol, stereoselectivity is measured as 95:5 dr.  Daicel Chiralpak OD column 
(95:5 hexanes:2-propanol, 0.5 mL/min, 220 nm) was used. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 15.64 6679359 50.164 1 15.69 1352589 8.740 
2 17.12 6635698 49.836 2 17.00 14123630 91.260 
(1R,4S,E)-4-Methyl-4-(naphthalen-2-yl)-1-phenylhexa-2,5-dien-1-ol (3.53). The 
previously described procedure was followed except that 3 equiv of cyclopropene 3.52 
was used.  Silica gel chromatography (10% EtOAc in hexanes) afforded the desired 
product 3.53 (colorless oil) was isolated as a 10:1 E:Z mixture.  E-isomer (major): IR 
(neat): 3560 (w), 3359 (m), 3082 (w), 3057 (m), 3027 (m), 2970 (w), 2925 (m), 2871 (w), 
2851 (w), 1452 (m), 1001 (m), 977 (m), 917 (m), 857 (m), 818 (m), 747 (s), 699 (s) cm-1; 
1H NMR (CDCl3, 400 MHz): δ 7.82-7.75 (3Η, m), 7.73 (1H, d, J = 1.6 Hz), 7.48-7.36 
(7H, m), 7.32-7.28 (1H, m), 6.15 (1H, dd, J = 17.6, 10.4 Hz), 6.12 (1H, dd, J = 15.6, 1.2 
 
E isomer
E isomer
Z isomer
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Hz), 5.73 (1H, dd, J = 15.6, 6.4 Hz), 5.31 (1H, br d, J = 5.6 Hz), 5.19 (1H, dd, J = 10.4, 
1.2 Hz), 5.04 (1H, d, J = 17.6, 1.2 Hz), 1.95 (1H, d, J = 3.2 Hz), 1.62 (3H, s); 13C NMR 
(CDCl3, 100 MHz): δ 145.1, 143.7, 143.4, 138.7, 133.5, 132.3, 131.4, 128.8, 128.5, 
128.3, 128.2, 127.9, 127.6, 126.6, 126.5, 126.3, 126.2, 126.0, 125.9, 125.5, 125.2, 113.6, 
75.4, 69.4, 47.7, 25.8; HRMS (ESI+): Calcd for C23H21 [M-OH]+: 297.16328.  Found: 
297.16433.  Diastereomeric ratio was established by HPLC analysis of the derived enone 
(below).  
(S,E)-4-Methyl-4-(naphthalen-2-yl)-1-phenylhexa-2,5-dien-1-one (enone derived 
from 3.53). This material was accessed by the oxidation procedure with MnO2 (62% 
yield).  The desired α,β-unsaturated ketone was obtained as a 6:1 E:Z mixture.  IR (neat): 
3056 (w), 2971 (w), 2922 (w), 2851 (w), 1670 (s), 1651 (m), 1614 (s), 1598 (m), 1448 
(w), 1293 (m), 1228 (m), 1015 (m), 747 (m), 696 (m) cm-1; E-isomer 1H NMR (CDCl3, 
400 MHz): δ 7.93-7.91 (2H, m), 7.83-7.81 (3H, m), 7.75 (1H, br s), 7.56-7.43 (6H, m), 
7.38 (1H, d, J = 16.0 Hz), 6.87 (1H, d, J = 15.2 Hz), 6.21 (1H, dd, J = 17.2, 10.8 Hz), 
5.31 (1H, d, J = 10.8 Hz), 5.16 (1H, d, J = 17.2 Hz), 1.73 (3H, s).  Diastereomeric ratio 
was established by HPLC analysis in comparison with authentic racemic material 
(91.5:8.5 er).  After correction for 95.5:4.5 er of the allylic alcohol substrate starting, 
stereoselectivity is determined as 96:4 dr.  Daicel Chiralpak AS column (99.5:0.5 
hexanes:2-propanol, 0.5 mL/min, 220 nm) was used. 
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 Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 18.15 4348874 9.530 1 18.60 2452672 6.607 
2 18.77 5776050 12.658 2 19.36 1348587 3.633 
3 24.73 17623390 38.620 3 25.51 30447650 82.022 
4 27.31 17884930 39.193 4 28.33 2872363 7.783 
(2R,5R,E)-5-Methyl-5-(naphthalen-2-yl)hepta-3,6-dien-2-ol (3.54). The previously 
described procedure was used except that the reaction was allowed to proceed for 15 
minutes.  Silica gel chromatography (10% Et2O in hexanes) afforded the desired product 
3.54 (colorless oil) was isolated as a 6:1 E:Z mixture.  IR (neat):  3338 (m), 3082 (w), 
3056 (m), 2970 (s), 2926 (m), 2871 (m), 1631 (w), 1599 (m), 1504 (m), 1409 (m), 1130 
(m), 1061 (m), 1000 (m), 978 (m), 948 (m), 917 (m), 857 (m), 818 (s), 747 (s) cm-1; 1H 
NMR (CDCl3, 400 MHz): δ  7.82-7.77 (3H E/Z and 1H Z, 3H, m), 7.73 (E, 1H, d, J = 1.6 
Hz), 7.48-7.42 (E/Z, 3H, m), 6.33 (Z, 1H, dd, J = 17.6, 10.4 Hz), 6.15 (E, 1H, dd, J = 
17.6, 10.8 Hz), 5.97 (E, 1H, dd, J = 15.6, 0.8 Hz), 5.81 (Z, 1H, d, J = 10.4 Hz), 5.57 (E, 
1H, dd, J = 15.6, 6.4 Hz), 5.48 (Z, 1H, dd, J = 11.6, 9.6 Hz), 5.19 (overlapping E/Z, 1H, 
dd, E-isomer: J = 10.4, 1.2 Hz), 5.05 (overlapping E/Z, 1H, dd, E isomer: J = 17.6, 1.2 
Hz), 4.40 (E, 1H, dddd, J = 6.4, 6.4, 6.3, 6.3 Hz), 4.21-4.16 (Z, 1H, m) 1.60 (E, 3H, s), 
1.59 (Z, 1H, s),  1.32 (E, 3H, d, J = 6.4 Hz), 0.93 (Z, 3H, d, J = 6.0 Hz); 13C NMR 
(CDCl3, 100 MHz): δ 145.2, 143.7, 137.2, 135.6, 133.4, 133.2, 132.2, 128.1, 127.8, 
  
E isomer E isomer
Z isomer
Z isomer
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127.6, 126.4, 126.3, 126.1, 125.8, 125.3, 124.8, 113.3, 113.0, 69.1, 63.8, 47.4, 25.7, 23.8, 
22.5;  HRMS (ESI+): Calcd for C18H19 [M-OH]+: 235.14868.  Found: 235.14889.  
Diastereomeric ratio was established by HPLC analysis of the derived enone (below).   
(R,E)-5-Methyl-5-(naphthalen-2-yl)hepta-3,6-dien-2-one (enone derived from 3.54). 
This material was accessed by the oxidation procedure with MnO2 (97% yield).  The 
desired α,β-unsaturated ketone was obtained as a 6:1 E:Z mixture.  IR (neat): 3081 (w), 
3056 (w), 3003 (w), 2927 (w), 2873 (w), 1698 (m), 1676 (s), 1620 (m), 1505 (w), 1358 
(m), 1256 (m), 987 (m), 922 (m), 819 (m), 749 (m) cm-1; 1H NMR (CDCl3, 400 MHz): 
δ 7.82-7.80 (3H, m), 7.70 (1H, d, J = 1.6 Hz), 7.50-7.45 (2H, m), 7.39 (1H, dd, J = 8.4, 
1.6 Hz), 7.08 (1H, d, J = 16.0 Hz), 6.17 (1H, dd, J = 17.6, 10.8 Hz), 6.10 (1H, d, J = 
16.4 Hz), 5.29 (1H, d, J = 10.8 Hz), 5.11 (1H, d, J = 17.6 Hz), 2.30 (3H, s), 1.66 (3H, s).  
Diastereomeric ratio was established by HPLC analysis in comparison with authentic 
racemic material (88:12 er).  After correction for 91:9 er of starting allylic alcohol, 
diastereoselectivity is measured as 97:3 dr.  Daicel Chiralpak OD column (99.8:0.2 
hexanes:2-propanol, 1 mL/min, 220 nm) used. 
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 Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 26.17 473406 0.795 1 26.39 407959 1.899 
2 33.24 464542 0.780 2 33.25 847978 3.947 
3 38.37 28491610 47.817 3 39.71 2423907 11.283 
4 42.67 30154670 50.608 4 43.22 17802050 82.870 
(2S,5R,E)-1-(t-Butyldimethylsilyloxy)-5-methyl-5-phenylhepta-3,6-dien-2-ol (3.51). 
The previously described procedure was followed except that 2 equiv of cyclopropene 
3.21 was used and the reaction was allowed to proceed for 15 minutes.  Silica gel 
chromatography (10% Et2O in hexanes) afforded the desired product (colorless oil) was 
isolated as a 11:1 E:Z mixture in 71% yield as a colorless oil.  E isomer (major): IR 
(neat): 3566 (w), 3433 (w), 3084 (w), 3058 (w), 3023 (w), 2954 (m), 2928 (m), 2857 (m), 
1634 (w), 1599 (w), 1492 (m), 1471 (m), 1471 (m), 1463 (m), 1254 (m), 1110 (s), 836 
(s), 777 (m), 700 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.33-7.28 (4H, m), 7.22-7.19 
(1H, m), 6.06 (1H, dd, J = 17.6 Hz, 10.8 Hz), 6.01 (1H, dd, J = 15.6, 1.2 Hz), 5.42 (1H, 
dd, J=15.6, 6.4 Hz), 5.14 (1H, dd, J = 10.8, 1.2 Hz), 5.01 (1H, dd, J = 17.2, 0.8 Hz), 4.21 
(1H, X of ABX, JAX and JBX cannot be determined), 3.66 (1H, B of ABX, JAB = 9.6, JBX = 
3.6 Hz), 3.48 (1H, A of ABX, JAB = 10.0, JAX = 7.6 Hz), 2.56 (1H, d, J = 3.6 Hz), 1.50 
(3H, s), 0.91 (9H, s), 0.08 (6H, s); 13C NMR (CDCl3, 100 MHz): δ 146.2, 145.1, 139.8, 
128.3, 127.3, 127.2, 126.3, 113.0, 73.0, 67.4, 64.5, 47.5, 26.0, 25.6, 18.5, –5.22, –5.17; 
 
Z isomer
 
Z isomer
E isomer
E isomer
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HRMS (ESI+): Calcd for C20H36NO2Si [M+NH4]+: 350.2515.  Found: 350.2523.  
Diastereomeric ratio was established by enantioselective HPLC analysis of the derived 
enone (below).  
(R,E)-1-(t-Butyldimethylsilyloxy)-5-methyl-5-phenylhepta-3,6-dien-2-one (enone 
derived from 3.51).  This material was accessed by the oxidation procedure with MnO2 
(81% yield).  The desired α,β-unsaturated ketone was obtained as a >98:<2 E:Z mixture.  
IR (neat): 2954 (m), 2929 (m), 2886 (w), 2856 (m), 1697 (s), 1617 (s), 1492 (m), 1471 
(m), 1463 (m), 1303 (m), 1253 (s), 1105 (s), 1066 (m), 1003 (m), 835 (s), 777 (s), 699 (s) 
cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.32-7.23 (5Η, m), 7.21 (1H, d, J = 16.0 Hz), 6.39 
(1H, d, J = 16.4 Hz), 6.07 (1H, dd, J = 17.6, 10.8 Hz), 5.22 (1H, dd, J = 10.4, 0.8 Hz), 
5.05 (1H, dd, J = 17.2, 0.4 Hz), 4.30 (2H, s), 1.54 (3H, s) 0.90 (9H, s), 0.08 (6H, s).  
Diastereomeric ratio was established by HPLC analysis of the enone in comparison with 
authentic racemic material (89:11 er).  Chiralpak OJ-H (100:0 hexanes:2-propanol, 0.3 
mL/min, 220 nm) was used. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 22.85 17374750 49.117 1 22.15 34742070 88.764 
2 26.20 17999290 50.883 2 25.97 4397799 11.236 
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General Procedure for Ru-catalyzed DROCM of cyclobutenes.   
(1R,4R,5S,E)-4,5-Bis(t-butyldimethylsilyloxy)-1-phenylhepta-2,6-dien-1-ol (E-3.58) 
and (1R,4S,5R,Z)-4,5-bis(t-butyldimethylsilyloxy)-1-phenylhepta-2,6-dien-1-ol (Z-
3.58): Under N2 atmosphere, an oven-dried (160 oC) 1-dram vial was charged with 
cyclobutene 3.57 (49.4 mg, 0.157 mmol, 1.00 equiv), (R)-1-phenylprop-2-en-1-ol (R-
3.26; 95.5:4.5 er; 21.6 mg, 0.161 mmol, 1.03 equiv), and toluene (0.56 mL). Ru complex 
3.67 (2.3 mg, 0.0032 mmol, 0.020 equiv) was added as a solution in toluene (0.23 mL).  
The resulting mixture was allowed to stir for 2 h at 22 °C, after which was transferred 
directly onto and passed through a silica gel column (5 x 1 cm, 2:1 hexanes:Et2O), eluted 
with 2:1 hexanes:Et2O (30 mL).  Volatiles were then removed in vacuo to give brown oil, 
purification of which by silica-gel chromatography (10:1→5:1 hexanes:Et2O) afforded E 
isomer 3.58 (40.4 mg, 0.090 mmol, 57% yield) as a colorless oil and Z isomer 3.58 (25.6 
mg 0.057 mmol, 36% yield), also as a colorless oil. 
E isomer (E-3.58). IR (neat): 3390 (br. w), 3029 (w), 2955 (m), 2929 (m), 2885 (m), 
2856 (m), 1493 (w), 1472 (m), 1462 (m), 1404 (w), 1389 (w), 1361 (w), 1251 (s), 1188 
(w), 1081 (s), 1031 (m), 1004 (m), 971 (m), 939 (m), 922 (m), 831 (s), 774 (s), 698 (s), 
670 (m), 614 (w), 550 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.38-7.32 (4H, m), 7.29-
7.25 (1H, m), 5.89-5.78 (1H, overlapping m), 5.85-5.82 (2H, overlapping m), 5.21 (1H, 
overlapping apparent d, J = 4.0 Hz), 5.18 (1H, ddd, J = 17.2, 1.2, 1.2 Hz), 5.11 (1H, ddd, 
J = 10.4, 2.0, 1.2 Hz), 3.99 (1H, ddd, J = 5.6, 5.6, 0.8 Hz), 3.96 (1H, ddd, J = 5.6, 5.6, 0.8 
Hz), 1.81 (1H, d, J = 4.0 Hz), 0.87 (9H, s), 0.86 (9H, s), 0.02 (3H, s), 0.01 (3H, s), 0.00 
(3H, s), -0.02 (3H, s); 13C NMR (CDCl3, 100 MHz): δ 143.0, 139.0, 133.4, 132.1, 128.6, 
Chapter 3, page 264
127.8, 126.5, 115.9, 78.1, 76.8, 74.8, 26.0, 26.0, 18.4, –4.1, –4.2, –4.4, –4.5; HRMS 
(ESI+): Calcd for C25H44O3Si2Na [M+Na]+: 471.2727.  Found: 471.2709. 
Z isomer (Z-3.58).  IR (neat): 3416 (br. w), 3028 (w), 2954 (m), 2929 (m), 2886 (m), 
2856 (m), 1493 (w), 1472 (m), 1462 (m), 1406 (w), 1389 (w), 1361 (w), 1251 (s), 1188 
(w), 1071 (s), 1030 (m), 1004 (m), 969 (w), 938 (m), 924 (m), 831 (s), 774 (s), 743 (m), 
697 (s), 670 (m), 646 (w), 591 (w), 533 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.41 
(2H, dd, J = 9.2, 1.6 Hz), 7.33 (2H, ddd, J = 7.2, 7.2, 1.6 Hz), 7.26 (1H, m), 5.82 (1H, 
overlapping ddd, J = 17.2, 10.4, 6.8 Hz), 5.78 (1H, overlapping ddd, J = 11.6, 6.8, 1.2 
Hz), 5.46 (1H, d, J = 8.4 Hz), 5.44 (1H, obscured m), 5.19 (1H, ddd, J = 17.2, 1.6, 1.6 
Hz), 5.13 (1H, d, J = 10.4 Hz), 4.72 (1H, ddd, J = 8.8, 6.4, 1.2 Hz), 3.89 (1H, dd, J = 6.4, 
6.4 Hz), 3.31 (1H, d, J = 2.0 Hz), 0.88 (9H, s), 0.86 (9H, s), 0.05 (3H, s), 0.04 (3H, s), 
0.03 (3H, s), -0.00 (3H, s); 13C NMR (CDCl3, 100 MHz): δ 142.9, 138.9, 133.3, 132.0, 
128.5, 127.5, 126.4, 116.7, 78.2, 73.0, 71.7, 26.0, 26.0, 18.4, 18.3, –4.26, –4.35, –4.4; 
HRMS (ESI+): Calcd for C25H44O3Si2Na [M+Na]+: 471.2727. Found: 471.2717. 
Diastereomeric ratios were determined by HPLC analysis of the derived enones (below). 
(4R,5S,E)-4,5-Bis(t-butyldimethylsilyloxy)-1-phenylhepta-2,6-dien-1-one (E-3.58a, 
enone derived from E-3.58).  Activated 4 Å molecular sieves (17.0 mg), alcohol E-3.58 
(14.5 mg, 0.0323 mmol, 1.00 equiv) were dissolved in CH2Cl2 (0.20 mL) in a 1-dram 
vial.  To the mixture was added, with stirring, N-methylmorpholine oxide (NMO) (6.2 
mg, 0.053 mmol, 1.6 equiv), followed by tetrapropylammonium per-ruthenate (TPAP) 
(0.7 mg, 0.002 mmol, 0.06 equiv).  The resulting solution was allowed to stir for one hour 
at 22 °C, after which, it was directly was loaded and passed through a silica gel column 
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(3 x 0.5 cm) eluted with 20 mL of CH2Cl2.  The collected fractions were concentrated in 
vacuo to give light yellow-brown oil.  Purification by silica gel chromatography (20:1 
hexanes:Et2O) afforded the desired enone (12.3 mg, 0.028 mmol, 85% yield) as a 
colorless solid, which crystallized upon standing at –15 °C.  mp: 57-60 °C; IR (neat): 
2954 (m), 2929 (m), 2886 (w), 2857 (m), 1674 (m), 1628 (m), 1599 (w), 1580 (w), 1472 
(m), 1463 (m), 1448 (w), 1405 (w), 1389 (w), 1361 (w), 1324 (w), 1286 (m), 1252 (s), 
1204 (w), 1178 (w), 1121 (m), 1082 (m), 1004 (m), 991 (m), 974 (m), 925 (m), 831 (s), 
813 (s), 775 (s), 691 (s), 588 (w), 561 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.95-7.93 
(2H, m), 7.56 (1H, tt, J = 7.2, 1.6 Hz), 7.49-7.45 (2H, m), 7.14-7.05 (2H, m), 5.87 (1H, 
ddd, J = 17.2, 10.4, 6.4 Hz), 5.25 (1H, ddd, J = 17.2, 1.6, 1.6 Hz), 5.17 (1H, ddd, J = 
10.8, 2.0, 0.8 Hz), 4.28 (1H, dd, J = 5.6, 3.2 Hz), 4.07 (1H, dd, J = 6.0, 5.2 Hz), 0.94 (9H, 
s), 0.87 (9H, s), 0.09 (3H, s), 0.06 (3H, s), 0.03 (3H, s), 0.02 (3H, s). Diastereomeric ratio 
for E-3.58a was established by HPLC analysis of the derived enone in comparison with 
authentic racemic material (95.5:4.5 er).  Since the enantiomeric purity of the allylic 
alcohol used was also 95.5:4.5 er, reaction selectivity is measured as >98:2 dr.  Daicel 
Chiralpak OD (99.9:0.1 hexanes:2-propanol, 0.5 mL/min, 254 nm) was used. 
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 Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 10.97 12586990 49.317 1 11.04 912858 4.560 
2 13.58 12935810 50.683 2 13.59 19105100 95.440 
(4S,5R,Z)-4,5-Bis(t-butyldimethylsilyloxy)-1-phenylhepta-2,6-dien-1-one (Z-3.58a, 
enone derived from Z-3.58).  This material was obtained through a similar procedure as 
used for oxidation of E-3.58.  The desired enone was obtained in 89% yield as colorless 
oil.  IR (neat): 3069 (w), 2955 (m), 2929 (m), 2886 (w), 2857 (m), 1708 (w), 1670 (m), 
1618 (w), 1598 (w), 1472 (w), 1463 (w), 1449 (w), 1409 (w), 1389 (w), 1361 (w), 1308 
(w), 1252 (s), 1230 (m), 1176 (w), 1151 (w), 1109 (m), 1077 (m), 1033 (w), 1004 (m), 
996 (m), 938 (w), 922 (w), 870 (w), 835 (s), 811 (m), 777 (s), 745 (m), 722 (w), 688 (m), 
671 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.94-7.92 (2H, m), 7.55 (1H, tt, J = 7.2, 1.2 
Hz), 7.48-7.44 (2H, m), 6.85 (1H, dd, J = 12.0, 1.2 Hz), 6.17 (1H, dd, J = 12.0, 8.8 Hz), 
5.89 (1H, ddd, J = 16.8, 10.4, 6.4 Hz), 5.26 (1H, ddd, J = 8.4, 3.2, 0.8 Hz), 5.15 (1H, ddd, 
J = 17.2, 1.6, 1.2 Hz), 5.06 (1H, ddd, J = 10.4, 1.6, 0.8 Hz), 4.23-4.20 (1H, m), 0.89 (9H, 
s), 0.87 (9H, s), 0.12 (3H, s), 0.05 (6H, s), 0.00 (3H, s).  At 22 °C, the Z enone undergoes 
slow isomerization to the E-enone, which is the enantiomer of the product obtained from 
oxidation of E-3.58; this process is accelerated in the presence of DMAP (0.2 equiv) in 
THF (0.5 M).  The latter E enone isomer was subsequently separated from the Z-enone 
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from E-3.58a by silica gel chromatography, and was used to determine the 
diastereomeric purity of Z-3.58a by HPLC analysis in comparison with authentic racemic 
material (92.5:7.5 er).  Since enantiomeric purity of the starting allylic alcohol is 95.5:4.5 
er, the stereoselectivity of the DROCM reactions is measured to 97:3 dr.  Daicel 
Chiralpak OD (99.9:0.1 hexanes:2-propanol, 0.5 mL/min, 254 nm) was used. 
 
Peak # Retention 
time (min) 
Area Area % Peak # Retention 
time (min) 
Area Area % 
1 10.97 12586990 49.317 1 10.87 13305590 92.282 
2 13.58 12935810 50.683 2 13.43 1112788 7.718 
(1R,4R,5S,E)-4,5-bis(benzyloxy)-1-phenylhepta-2,6-dien-1-ol (E-3.62) and 
(1R,4S,5R,Z)-4,5-Bis(benzyloxy)-1-phenylhepta-2,6-dien-1-ol (Z-3.62).  This material 
was obtained through a similar procedure as described above.  The E isomer was isolated 
(33.5 mg, 0.084 mmol, 45% yield) as a white solid and the Z isomer (26.8 mg, 0.067 
mmol, 36% yield) as colorless oil. 
E isomer: mp: 87-90 °C; IR (neat): 3463 (br m), 3061 (w), 3027 (w), 2914 (w), 2869 
(m), 1602 (w), 1585 (w), 1496 (m), 1465 (m), 1448 (m), 1384 (m), 1290 (m), 1256 (m), 
1218 (w), 1205 (w), 1191 (w), 1177 (w), 1152 (w), 1134 (w), 1101 (s), 1087 (s), 1030 
(m), 1004 (m), 981 (s), 968 (s), 952 (s), 923 (m), 912 (w), 897 (w), 862 (w), 814 (w), 757 
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(m), 746 (s), 732 (s), 714 (s), 695 (s), 650 (m), 627 (m), 603 (m), 582 (m), 503 (m), 490 
(m), 462 (m), 436 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.37-7.23 (15H, m), 5.90 
(1H, Y of AXY, JXY = 15.6 Hz), 5.83 (1H, overlapping ddd, J = 17.6, 10.4, 7.6 Hz), 5.79 
(1H, overlapping X of AXY, JXY = 15.6 Hz), 5.31 (1H, d, J = 10.4 Hz), 5.28 (1H, dd, J = 
17.2, 0.8 Hz), 5.23 (1H, br d, J = 6.0 Hz), 4.63 (1H, B of AB, JAB = 12.4 Hz), 4.62 (1H, B 
of AB, JAB = 12.0 Hz), 4.48 (1H, A of AB, JAB = 12.0 Hz), 4.41 (1H, A of AB, JAB = 12.0 
Hz), 3.90 (1H, dd, J = 7.2, 5.2 Hz), 3.85 (1H, dd, J = 7.2, 5.2 Hz). 1.89 (1H, br s); 13C 
NMR (CDCl3, 100 MHz): δ 142.8, 138.6, 138.6, 136.7, 135.7, 128.7, 128.7, 128.4, 127.8, 
127.5, 126.4, 119.0, 82.6, 81.5, 74.7, 70.9, 70.7; HRMS (ESI+): Calcd for C27H28O3Na 
[M+Na]+: 423.1936. Found: 423.1939. 
Z isomer: IR (neat): 3409 (br w), 3063 (w), 3029 (w), 2976 (w), 2866 (m), 1495 (w), 
1453 (m), 1422 (w), 1385 (w), 1332 (w), 1206 (w), 1089 (s), 1069 (s), 1027 (s), 994 (m), 
929 (m), 911 (m), 846 (w), 732 (s), 696 (s), 646 (w), 611 (w), 535 (w), 460 (w) cm-1; 1H 
NMR (CDCl3, 400 MHz): δ 7.36-7.21 (15 H, m), 5.91 (1H, ddd, J = 11.2, 8.4, 0.8 Hz), 
5.83 (1H, ddd, J = 18.0, 10.4, 7.6 Hz), 5.52 (1H, ddd. J = 11.2, 9.2, 1.2 Hz), 5.32 (1H, 
obscured), 5.32 (1H, overlapping ddd, J = 10.4, 0.8, 0.8 Hz), 5.27 (1H, overlapping ddd, 
J = 17.2, 1.6, 0.8 Hz), 4.65 (1H, B of AB, JAB = 12.4 Hz), 4.62 (1H, B of AB, JAB = 12.0 
Hz), 4.50 (1H, A of AB, JAB = 12.4 Hz), 4.46 (1H, ddd, J = 9.2, 5.6, 1.2 Hz), 4.37 (1H, A 
of AB, JAB = 12.0 Hz), 3.79 (1H, dd, J = 7.6, 5.6 Hz), 2.37 (1H, br s); 13C NMR (CDCl3, 
100 MHz): δ 143.0, 138.5, 138.2, 136.8, 136.5, 129.1, 128.5, 128.5, 128.0, 127.9, 127.8, 
127.7, 127.6, 126.3, 119.5, 82.1, 76.7, 70.8, 70.7, 70.4; HRMS (ESI+): Calcd for 
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C27H28O3Na [M+Na]+: 423.1936. Found: 423.1935. Diastereomeric ratios were 
determined by HPLC analysis of the derived enones (below). 
(4R,5S,E)-4,5-Bis(benzyloxy)-1-phenylhepta-2,6-dien-1-one (E-3.62a, oxidation 
product from E-3.62). This material was obtained through a similar procedure as used 
for oxidation of E-3.58.  The desired enone was obtained in 65% yield as colorless oil.  
IR (neat): 3086 (w), 3063 (w), 3030 (w), 2981 (w), 2921 (w), 2864 (w), 1731 (w), 1671 
(m), 1625 (m), 1597 (w), 1579 (w), 1496 (w), 1452 (m), 1422 (w), 1390 (w), 1353 (w), 
1325 (w), 1280 (m), 1178 (w), 1087 (s), 1069 (s), 1027 (s), 1013 (m), 981 (s), 930 (m), 
847 (w), 733 (s), 694 (s), 617 (s), 461 (w), 405 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 
7.92-7.90 (2H, m), 7.57 (1H, tt, J = 7.2, 1.2 Hz), 7.47-7.44 (2H, m), 7.35-7.23 (10H, m), 
7.10 (1H, dd, J =15.6, 0.8 Hz), 7.00 (1H, dd, J = 15.6, 5.6 Hz), 5.88 (1H, ddd, J = 17.6, 
10.4, 7.6 Hz), 5.38 (1H, d, J = 10.0 Hz), 5.35 (1H, d, J = 17.6 Hz), 4.69 (1H, B of AB, 
JAB = 12.0 Hz), 4.65 (1H, B of AB, JAB = 12.0 Hz), 4.57 (1H, A of AB, JAB = 12.0 Hz), 
4.42 (1H, A of AB, J = 12.0 Hz), 4.19 (1H, ddd, J = 5.6, 5.6, 0.8 Hz), 3.95 (1H, dd, J = 
7.6, 5.6 Hz). Diastereomeric ratio for the E product isomer of the reaction was established 
by HPLC analysis of the derived enone in comparison with authentic racemic material 
(93.5:6.5 er).  After correction for enantiomeric purity of the starting allylic alcohol 
(95.5:4.5 er), diastereomeric purity of the product is measured to 98:2 dr.  Daicel 
Chiralpak OD (99.5:0.5 hexanes:2-propanol, 1.0 mL/min, 254 nm) was used. 
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 Peak # Retention time 
(min) 
Area Area % Peak # Retention time 
(min) 
Area Area % 
1 33.90 18405950 49.739 1 33.93 5792403 93.553 
2 39.23 18599200 50.261 2 39.61 399144 6.447 
(4S,5R,Z)-4,5-Bis(benzyloxy)-1-phenylhepta-2,6-dien-1-one (Z-3.62a, oxidation 
product from Z-3.62). This material was obtained through a similar procedure as used 
for oxidation of E-3.58.  The desired enone was obtained in 79% yield as colorless oil.  
IR (neat): 3086 (w), 3063 (w), 3030 (w), 2981 (w), 2918 (w), 2862 (w), 1725 (w), 1665 
(m), 1618 (w), 1596 (w), 1579 (w), 1496 (w), 1449 (m), 1410 (w), 1389 (w), 1298 (w), 
1229 (s), 1177 (w), 1158 (w), 1087 (s), 1066 (s), 1027 (m), 1003 (s), 994 (s), 929 (m), 
825 (w), 774 (w), 730 (s), 693 (s), 605 (w), 535 (w), 461 (w), 404 (w) cm-1; 1H NMR 
(CDCl3, 400 MHz): δ 7.94-7.91 (2H, m), 7.57 (1H, tt, J = 8.0, 1.2 Hz), 7.48-7.44 (2H, m), 
7.41-7.37 (2H, m), 7.33-7.23 (8H, m), 6.97 (1H, dd, J = 12.0, 1.2 Hz), 6.27 (1H, dd, J = 
12.0, 8.4 Hz), 5.97-5.88 (1H, m), 5.29-5.29 (1H, m), 5.25 (1H, ddd, J = 4.0, 0.8, 0.8 Hz), 
5.14 (1H, ddd, J = 8.8, 3.6, 1.2 Hz), 4.70 (1H, B of AB, JAB = 12.0 Hz), 4.61 (2H, s), 4.58 
(1H, A of AB, JAB = 12.4 Hz), 4.08 (1H, dd, J = 7.6, 3.6 Hz).  The resulting Z enone 
undergoes slow isomerization at 22 °C to afford the enantiomer of the enone obtained 
from oxidation of the corresponding E isomer; this process is accelerated in the presence 
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of DMAP (0.2 equiv) in THF (0.5 M).  The latter E enone isomer was subsequently 
separated from the enone of the Z isomer by silica gel chromatography, and was used to 
determine the diastereomeric purity of the Z isomer by HPLC analysis in comparison 
with authentic racemic material (93.5:6.5 er).  Since enantiomeric purity of the starting 
allylic alcohol is 95.5:4.5 er, the stereoselectivity of the DROCM reaction is measured to 
be 98:2 dr.  Daicel Chiralpak OD (99.9:0.1 hexanes:2-propanol, 0.5 mL/min, 254 nm) 
was used. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 33.90 18405950 49.739 1 34.60 285574 6.565 
2 39.23 18599200 50.261 2 39.29 4064144 93.435 
(2S,5S,6R,E)-5,6-bis(t-butyldimethylsilyloxy)-1-(t-butyldimethylsilyloxy)octa-3,7-
dien-2-ol (E-3.60) and (2S,5R,6S,Z)-5,6-Bis(t-butyldimethylsilyloxy)-1-(t-
butyldimethylsilyloxy)octa-3,7-dien-2-ol (Z-3.60).  This material was obtained through 
a similar procedure as described above.  The E isomer was isolated (23.0 mg, 0.0445 
mmol, 27% yield) as colorless oil and the Z isomer (40.5 mg, 0.0783 mmol, 48% yield), 
also as colorless oil. 
E isomer.  IR (neat): 3581 (br w), 3473 (br w), 2954 (m), 2929 (m), 2886 (m), 2857 (m), 
1472 (m), 1463 (m), 1404 (w), 1389 (w), 1361 (w), 1252 (m), 1096 (s), 1005 (m), 970 
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(m), 938 (m), 922 (m), 831 (s), 774 (s), 669 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 
5.83 (1H, overlapping ddd, J = 16.8, 10.4, 5.6 Hz), 5.81 (1H, obscured, m), 5.59 (1H, 
ddd, J = 16.0, 5.6, 0.8 Hz), 5.18 (1H, ddd, J = 17.2, 1.2, 1.2 Hz), 5.11 (1H, ddd, J = 11.2, 
1.2, 1.2 Hz), 4.20-4.14 (1H, m), 3.96 (1H, overlapping dd, J = 5.6, 5.6 Hz), 3.93 (1H, 
overlapping dd, J = 5.6, 5.6 Hz), 3.63 (1H, B of ABX, JAB = 10.0 Hz), 3.40 (1H, A of 
ABX, JAB = 10.0 Hz), 2.49 (1H, d, J = 2.8 Hz), 0.91 (9H, s), 0.88 (9H, s), 0.88 (9H, s), 
0.08 (3H, s), 0.08 (3H, s), 0.04 (3H, s), 0.03 (3H, s), 0.01 (6H, s); 13C NMR (CDCl3, 100 
MHz): δ 139.0, 133.2, 115.8, 78.1, 77.0, 72.5, 67.4, 26.1, 26.0, 18.5, 18.4, –4.1, –4.2, –
4.4, –4.5, –5.20, –5.24.  HRMS (ES+): Calcd for C26H56O4Si3Na (M+Na)+: 539.3384, 
Found: 539.3368. 
Z isomer. IR (neat): 3572 (br w), 3470 (br w), 3078 (w), 2954 (m), 2929 (m), 2887 (m), 
2857 (m), 1472 (m), 1462 (m), 1406 (w), 1389 (w), 1361 (w), 1311 (w), 1252 (m), 1073 
(s), 1005 (m), 938 (m), 923 (m), 889 (m), 831 (s), 774 (s), 668 (m) cm-1; 1H NMR 
(CDCl3, 400 MHz): δ 5.87 (1H, ddd, J = 17.2, 10.4, 6.4 Hz, minor diast.), 5.81 (1H, ddd, 
J = 17.2, 10.4, 6.0 Hz, major diast.), 5.64 (1H, dd, J = 11.2, 7.2 Hz, minor diast.), 5.52 
(1H, ddd, J = 11.2, 9.2, 1.6 Hz, minor diast.), 5.49 (1H, Y of AXY, JXY = 7.2 Hz, major 
diast.), 5.44 (1H, X of AXY, JXY = 7.2 Hz, major diast.), 5.22 (1H, ddd, J = 17.2, 1.2, 1.2 
Hz, minor diast.), 5.19 (1H, ddd, J = 17.2, 1.2, 1.2 Hz, major diast.), 5.17 (1H, ddd, J = 
10.2, 1.2, 1.2 Hz, minor diast.), 5.12 (1H, ddd, J = 10.4, 1.2, 1.2 Hz, major diast.), 4.43-
4.38 (1H, m, major diast.), 4.36 (1H, dd, J = 9.6, 7.2 Hz, minor diast.), 4.31 (1H, dd, J = 
8.4, 5.6 Hz, major diast.), 3.94 (1H, dd, J = 5.6, 5.6 Hz, major diast.), 3.62 (1H, B of 
ABX, JAB = 10.0 Hz, major diast.), 3.59 (2H, d, J = 6.0 Hz, minor diast.), 3.41 (1H, A of 
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ABX, JAB = 10.0 Hz, major diast.), 2.97 (1H, d, J = 2.4 Hz, minor diast.), 2.85 (1H, d, J = 
2.0 Hz, major diast.), 0.91 (9H, s, major diast.), 0.90 (9H, s, minor diast.), 0.88 (9H, s, 
minor diast.), 0.88 (9H, s, major diast.), 0.87 (9H, s, major diast.), 0.85 (9H, s, minor 
diast.), 0.08 (6H, s, major diast.), 0.08 (6H, s, minor diast.), 0.07 (3H, s, minor diast.), 
0.07 (3H, s, minor diast.), 0.06 (3H, s, major diast.), 0.05 (3H, s, major diast.), 0.04 (3H, 
s, major diast.), 0.02 (3H, s, minor diast.), 0.02 (3H, s, major diast.), 0.01 (3H, s, minor 
diast.); 13C NMR (CDCl3, 100 MHz): δ 139.2, 139.0, 135.7, 134.1, 130.9, 129.4, 116.7, 
116.1, 78.1, 77.8, 73.3, 72.9, 69.2, 68.1, 67.2, 66.9, 26.2, 26.1, 26.1, 26.0, 26.0, 18.5, 
18.5, 18.3, –4.09, –4.17, –4.27, –4.29, –4.41, –4.54, –5.14, –5.17; HRMS (ESI+): Calcd 
for C26H56O4Si3Na [M+Na]+: 539.3384. Found: 539.3396. Diastereomeric ratios were 
determined by HPLC analysis of the derived enones (below). 
(5S,6R,E)-5,6-Bis(t-butyldimethylsilyloxy)-1-(t-butyldimethylsilyloxy)octa-3,7-dien-
2-one (E-3.60a, oxidation product from E-3.60).  In an oven-dried 1-dram vial, under 
dry N2 atmosphere, oxalyl chloride (0.010 mL, 0.12 mmol, 2.7 equiv) was dissolved in 
CH2Cl2 (0.30 mL), and the solution was allowed to cool to –78 °C; DMSO (0.010 mL, 
0.14 mmol, 3.2 equiv) was added with vigorous stirring.  After 5 min, the E alcohol 
isomer (23.0 mg, 0.0445 mmol, 1.00 equiv) was added in a drop-wise manner as a 
solution in CH2Cl2 (0.100 mL), and the resulting mixture was allowed to stir at –78 °C for 
30 min, after which Et3N (0.030 mL, 0.22 mmol, 4.8 equiv) was added (drop-wise).  
After the mixture was allowed to stir at –78 °C for 30 min, it was allowed to warm to 
22 °C over 10-15 min.  The resulting solution was diluted with H2O (2.0 mL) and Et2O 
(2.0 mL), layers were separated, and the aqueous layer was washed with Et2O (2 x 10 
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mL).  The combined organic layers were dried over anhydrous MgSO4, filtered, and 
concentrated in vacuo to give light yellow oil.  Purification by silica gel chromatography 
(50:1 hexanes:Et2O) afforded the desired enone as colorless oil (16.0 mg, 0.0311 mmol, 
70% yield). IR (neat): 2955 (m), 2929 (m), 2886 (w), 2857 (m), 1699 (w), 1631 (w), 
1472 (m), 1463 (m), 1405 (w), 1390 (w), 1362 (w), 1293 (w), 1254 (s), 1105 (s), 1005 
(w), 987 (m), 938 (m), 833 (s), 813 (m), 776 (s), 671 (m) cm-1; 1H-NMR (CDCl3, 400 
MHz): δ 6.98 (1H, dd, J = 16.0, 4.8 Hz), 6.54 (1H, dd, J = 16.0, 1.6 Hz), 5.83 (1H, ddd, J 
= 17.2, 10.8, 6.4 Hz), 5.21 (1H, ddd, J = 17.2, 1.6, 1.6 Hz), 5.15 (1H, ddd, J = 10.8, 1.2, 
1.2 Hz), 4.36 (1H, B of AB, JAB = 17.2 Hz), 4.32 (1H, A of AB, JAB = 17.6 Hz), 4.17 (1H, 
ddd, J = 5.2, 1.6, 1.6 Hz), 4.01 (1H, dd, J = 6.4, 6.4 Hz), 0.93 (9H, s), 0.90 (9H, s), 0.87 
(9H, s), 0.09 (3H, s), 0.09 (3H, s), 0.05 (3H, s), 0.02 (3H, s), 0.01 (3H, s), 0.00 (3H, s).  
Diastereomeric ratio for the E-isomer was established by HPLC analysis of the enone in 
comparison with authentic racemic material (90:10 er).  Since cross partner is 
enantiomerically pure (>98%:<2 er), diastereomeric purity of the E isomer of the 
DROCM product is determined to be 90:10 dr.  Daicel Chiralpak AD (99.5:0.5 
hexanes:2-propanol, 0.5 mL/min, 230 nm) was used. 
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 Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 9.91 6442848 50.098 1 9.76 2099486 9.801 
2 12.63 6417531 49.902 2 12.36 19322710 90.199 
(5R,6S,Z)-5,6-Bis(t-butyldimethylsilyloxy)-1-(t-butyldimethylsilyloxy)octa-3,7-dien-2-
one (Z-3.60a, oxidation product from Z-3.60). This material was obtained through an 
identical procedure as described above.  The desired enone was obtained in 78% yield as 
colorless oil.  IR (neat): 2954 (m), 2929 (m), 2887 (w), 2857 (m), 1696 (w), 1623 (w), 
1472 (m), 1463 (m), 1407 (w), 1389 (w), 1361 (w), 1252 (s), 1176 (w), 1102 (s), 1059 
(s), 1004 (m), 958 (m), 938 (m), 921 (m), 832 (s), 774 (s), 669 (m), 477 (w) cm-1; 1H 
NMR (CDCl3, 400 MHz): δ 6.36 (1H, dd, J = 11.6, 0.8 Hz), 6.03 (1H, dd, J = 11.6, 8.4 
Hz), 5.85 (1H, ddd, J = 17.2, 10.4, 6.4 Hz), 5.29 (1H, ddd, J = 8.0, 3.2, 1.2 Hz), 5.11 (1H, 
ddd, J = 17.2, 1.6, 1.6 Hz), 5.06 (1H, ddd, J = 10.4, 1.2, 1.2 Hz), 4.24 (1H, B of AB, JAB 
= 17.6 Hz), 4.17 (1H, A of AB, JAB = 17.6 Hz), 4.14 (1H, dddd, J = 6.0, 3.2, 1.2, 1.2 Hz), 
0.92 (9H, s), 0.89 (9H, s), 0.86 (9H, s), 0.11 (3H, s), 0.09 (6H, s), 0.04 (3H, s), 0.04 (3H, 
s), –0.02 (3H, s).  At 22 °C, the resulting Z enone undergoes slow isomerization to the E 
enone, which is the enantiomer of the product obtained from oxidation of the 
corresponding E isomer; this process is accelerated in the presence of DMAP (0.2 equiv) 
in THF (0.5 M).  The latter E enone isomer was subsequently separated from the enone of 
  
Chapter 3, page 276
the Z isomer by silica gel chromatography, and was used to determine the diastereomeric 
purity of the Z isomer by HPLC analysis in comparison with authentic racemic material 
(82.5:17.5 er).  Since enantiomeric purity of the starting allylic alcohol is >98:<2 er, the 
stereoselectivity of the DROCM reaction is measured to 82.5:17.5 dr.  Daicel Chiralpak 
OD, 99.9:0.1 hexanes:2-propanol, 0.5 mL/min, 254 nm) used. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 9.91 6442848 50.098 1 9.91 9736786 82.399 
2 12.63 6417531 49.902 2 12.68 2079785 17.601 
(2S,5R,6S,E)-5,6-Bis(t-butyldimethylsilyloxy)-2-phenylocta-3,7-diene (E-3.59 and 
(2S,5S,6R,Z)-5,6-bis(t-butyldimethylsilyloxy)-2-phenylocta-3,7-diene (Z-3.59). This 
material was obtained through a similar procedure as described above; ~45% conversion 
is observed after 14 hours at 22 °C.  The E isomer was isolated (15.4 mg, 0.0345 mmol, 
21% yield) as colorless oil and the Z isomer (11.5 mg, 0.0257 mmol, 16% yield), also as 
colorless oil.  In addition, meso-3,4-bis(t-butyldimethylsilyloxy)-hexa-1,5-diene (7.2 mg, 
0.021 mmol, 13% yield) was isolated as a colorless oil.  It should be noted that the Z 
isomer sample contains the dimer of (S)-3-phenyl-1-butene (13% wt); the yields shown 
are thus are corrected values. 
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E isomer. IR (neat): 3028 (w), 2957 (m), 2928 (m), 2885 (w), 2856 (m), 1493 (w), 1472 
(w), 1462 (w), 1404 (w), 1389 (w), 1251 (m), 1081 (m), 1031 (m), 1005 (m), 970 (m), 
939 (m), 922 (m), 831 (s), 813 (m), 774 (s), 697 (s), 671 (m), 590 (w), 537 (w) cm-1; 1H 
NMR (CDCl3, 400 MHz): δ 7.30-7.26 (2H, m), 7.21-7.16 (3H, m), 5.88-5.80 (1H, m), 
5.76 (1H, dd, J = 15.6, 6.8 Hz), 5.47 (1H, ddd, J = 15.6, 6.4, 1.2 Hz), 5.18 (1H, dd, J = 
17.2, 0.8 Hz), 5.10 (1H, dd, J = 10.4, 2.0 Hz), 3.92 (2H, m), 3.47 (1H, ddd, J = 6.4, 6.4, 
6.4 Hz), 1.36 (3H, d, J = 7.2 Hz), 0.89 (9H, s), 0.84 (9H, s), 0.02 (3H, s), 0.00 (3H, s), -
0.01 (3H, s), -0.06 (3H, s). 13C NMR (CDCl3, 100 MHz): δ 145.8, 139.4, 136.8, 136.6, 
133.9, 129.9, 128.5, 128.4, 127.5, 127.4, 126.1, 115.6, 78.2, 77.6, 42.2, 26.1, 26.0, 21.7, 
21.3, 18.4, –4.1, –4.2, –4.4; HRMS (ESI+): Calcd for C26H46O2Si2Na (M+Na)+: 469.2934. 
Found: 469.2917. Meso byproduct: 1H NMR (CDCl3, 400 MHz): δ 5.89-5.81 (2H, m), 
5.19 (2H, ddd, J = 17.2, 1.6, 0.8 Hz), 5.11 (2H, ddd, J = 10.4, 2.0, 0.8 Hz), 3.96-3.92 
(2H, m), 0.88 (18H, s), 0.04 (6H, s), 0.01 (6H, s). 
Z isomer. IR (neat): 3063 (w), 3027 (w), 2957 (m), 2928 (m), 2886 (w), 2856 (m), 1602 
(w), 1493 (w), 1472 (w), 1462 (w), 1452 (w), 1405 (w), 1389 (w), 1361 (w), 1251 (m), 
1076 (s), 1005 (m), 992 (m), 962 (w), 938 (m), 922 (m), 832 (s), 774 (s), 758 (m), 697 
(s), 670 (s), 535 (w) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.32-7.27 (3H, m, Z isomer + 
dimer), 7.24-7.26 (5H, m, Z isomer + dimer), 5.89 (1H, ddd, J = 16.8, 10.4, 6.4 Hz), 5.68 
(0.58H, m, dimer), 5.64 (1H, ddd, J = 11.2, 10.4, 0.8 Hz), 5.32 (1H, ddd, J = 11.2, 9.2, 
0.8 Hz), 5.21 (1H, ddd, J = 17.2, 1.6, 1.6 Hz), 5.15 (1H, ddd, J = 10.8, 2.0, 1.2 Hz), 4.39 
(1H, ddd, J = 8.8, 4.4, 0.8 Hz), 4.00 (1H, dddd, J = 6.4, 4.8, 0.8, 0.8 Hz), 3.71 (1H, dq, J 
= 10.0, 2.8 Hz), 3.46 (0.54H, m, dimer), 1.35 (1.99H, d, J = 7.2 Hz, dimer), 1.33 (3H, d, J 
Chapter 3, page 278
= 7.2 Hz), 0.92 (9H, s), 0.80 (9H, s), 0.08 (3H, s), 0.05 (3H, s), -0.10 (3H, s), -0.18 (3H, 
s); 13C NMR (CDCl3, 100 MHz): δ 146.3, 139.0, 135.2, 133.9, 130.1, 128.6, 128.5, 127.3, 
127.1, 126.2, 115.9, 78.7, 73.0, 42.3, 38.1, 26.2, 26.0, 23.7, 21.7, 18.5, 18.3, –4.2, –4.3, –
4.4, –4.6; HRMS (ESI+): Calcd for C26H46O2Si2Na [M+Na]+: 469.2934. Found: 469.2948. 
Diastereomeric ratios were determined by HPLC analysis of the derived mono-benzoate 
alcohols (below). 
 
Preparation of the benzoate-alcohol derivative from DROCM E product isomer of 
3.59.  Hydroboration with 9-BBN was performed under standard procedures to afford the 
desired primary alcohol as a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 7.31-7.27 (2H, 
m), 7.21-7.17 (3H, m), 5.76 (1H, dd, J = 15.6, 6.4 Hz), 5.40 (1H, ddd, J = 15.6, 7.6, 1.6 
Hz), 4.09 (1H, dd, J = 7.2, 4.4 Hz), 3.79-3.73 (3H, m), 3.50-3.43 (1H, m), 2.63 (1H, br s), 
1.91-1.69 (2H, m), 0.89 (9H, s), 0.85 (9H, s), 0.07 (3H, s), 0.05 (3H, s), 0.02 (3H, s), –
0.05 (3H, s).  The derived benzoate was then obtained as colorless oil. 1H NMR (CDCl3, 
400 MHz): δ 8.04-8.02 (2H, m), 7.56 (1H, dt, J = 7.2, 1.2 Hz), 7.46-7.42 (2H, m), 7.30-
7.25 (2H, m), 7.20-7.15 (3H, m), 5.76 (1H, ddd, J = 15.6, 6.4, 0.8 Hz), 5.44 (1H, ddd, J = 
15.6, 6.8, 1.2 Hz), 4.47 (1H, ddd, J = 10.8, 6.8, 5.2 Hz), 4.34 (1H, ddd, J = 10.4, 8.0, 6.4 
Hz), 4.04 (1H, dd, J = 6.4, 2.4 Hz), 3.83-3.80 (1H, m), 3.50-3.45 (1H, m), 1.98-1.84 (2H, 
m), 1.36 (3H, d, J = 7.2 Hz), 0.89 (9H, s), 0.86 (9H, s), 0.06 (3H, s), 0.05 (3H, s), 0.02 
(3H, s), –0.05 (3H, s).  Standard ozonolysis delivered the material to be used for 
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determination of diastereoselectivity levels (benzoate-alcohol) as colorless oil.  1H NMR 
(CDCl3, 400 MHz): δ 8.05-8.02 (2H, m), 7.56 (1H, dt, J = 7.6, 1.2 Hz), 7.47-7.42 (2H, 
m), 4.46 (1H, ddd, J = 11.2, 7.2, 5.2 Hz), 4.37 (1H, ddd, J = 10.8, 8.0, 6.8 Hz), 3.97 (1H, 
ddd, J = 6.8, 4.4, 4.4 Hz), 3.73-3.68 (2H, m), 3.66-3.60 (1H, m), 2.09-1.93 (3H, m), 0.91 
(9H, s), 0.91 (9H, s), 0.13 (3H, s), 0.12 (3H, s), 0.11 (3H, s), 0.09 (3H, s).  Diastereomeric 
ratio for the DROCM E product isomer was established by HPLC analysis in comparison 
with authentic racemic material (74.5:25.5 er).  After correction for enantiomeric purity 
of the cross partner (94:6 er), diastereoselectivity of DROCM reaction is determined to be 
80:20 dr.  Daicel Chiralpak OD (99.6:0.4 hexanes:2-propanol, 0.5 mL/min, 230 nm) was 
used. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 22.25 8277736 49.740 1 22.75 4036806 25.384 
2 24.06 8364210 50.260 2 24.36 11866230 74.616 
Preparation of the benzoate-alcohol derivative from DROCM Z product isomer of 
3.59.  Hydroboration with 9-BBN was performed under standard procedures to afford the 
desired primary alcohol as a colorless oil.  1H NMR (CDCl3, 400 MHz): δ 7.32-7.27 (2H, 
m), 7.23-7.18 (3H, m), 5.63 (1H, ddd, J = 10.8, 10.8, 1.2 Hz), 5.37 (1H, ddd, J = 10.8, 
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8.4, 0.8 Hz), 4.59 (1H, ddd, J = 8.4, 3.6, 1.2 Hz), 3.86-3.80 (2H, m), 3.72-3.64 (1H, m), 
3.06 (1H, dd, J = 7.6, 4.4 Hz), 1.97-1.73 (2H, m), 1.34 (3H, d, J = 7.2 Hz), 0.93 (9H, s), 
0.82 (9H, s), 0.14 (3H, s), 0.12 (3H, s), -0.06 (3H, s), –0.13 (3H, s).  The derived 
benzoate was obtained as colorless oil. 1H NMR (CDCl3, 400 MHz): δ 8.06-8.03 (2H, m), 
7.56 (1H, tt, J = 8.0, 1.2 Hz), 7.47-7.42 (2H, m), 7.32-7.26 (2H, m), 7.23-7.19 (3H, m), 
5.63 (1H, ddd, J = 11.2, 10.0, 1.2 Hz), 5.35 (1H, ddd, J = 11.2, 8.8, 1.2 Hz), 4.57-4.51 
(2H, m), 4.42-4.36 (1H, m), 2.08-1.94 (2H, m), 1.33 (3H, d, J = 7.2 Hz), 0.93 (9H, s), 
0.83 (9H, s), 0.14 (3H, s), 0.09 (3H, s), –0.08 (3H, s), –0.13 (3H, s).  As before, 
ozonolysis delivered the benzoate-alcohol.  1H NMR was identical to the material 
prepared starting with the corresponding E product isomer (see above).  Diastereomeric 
ratio was established by HPLC analysis in comparison with authentic racemic material 
(89:11 er).  After correction for enantiomeric purity of the cross partner (94:6 er) 
diastereoselectivity of the DROCM reaction was determined as 95:5 dr.  Daicel Chiralpak 
OD, 99.6:0.4 hexanes:2-propanol, 0.5 mL/min, 230 nm) used. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 22.25 8277736 49.740 1 22.34 8451044 88.800 
2 24.06 8364210 50.260 2 24.19 1065920 11.200 
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 (3S,5R)-Diethyl 3-((R,E)-3-hydroxy-3-phenylprop-1-enyl)-5-vinylpyrazolidine-1,2-
dicarboxylate (E-3.66) and (3R,5S)-diethyl 3-((R,Z)-3-hydroxy-3-phenylprop-1-enyl)-
5-vinylpyrazolidine-1,2-dicarboxylate (Z-3.66). The same procedure as used for 
reactions of cyclobutenes (see above) was used, except the reaction was allowed to 
proceed for 2.5 h. Silica gel chromatography (15% EtOAc in hexanes) of the unpurified 
tan oily residue afforded E-3.66 (pale yellow oil, 17.1 mg, 0.046 mmol, 46% yield) and 
Z-3.66 (pale yellow oil, 9.9 mg, 0.024 mmol, 27% yield).  It should be noted that Z-3.66 
was isolated as an inseparable mixture of the desired product and small amount of cross 
partner dimer (~7%, yields shown above are corrected for the presence of dimer). 
E isomer.  IR(neat): 3442 (br w), 2982 (w), 2933 (w), 2871 (w), 1706 (s), 1467 (m), 
1450 (m), 1411 (m), 1378 (m), 1303 (m), 1277 (m), 1176 (m), 1130 (m), 1071 (m), 1032 
(m), 926 (m), 754 (m), 701 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.35-7.22 (5H, m), 
5.94-5.91 (1H, m), 5.84-5.76 (2H, m), 5.30 (1H, br d, J = 17.6 Hz), 5.20 (1H, d, J = 6.0 
Hz), 5.11 (1H, d, J = 10.4 Hz), 4.55 (2H, br s), 4.20-4.12 (4H, m), 2.50 (1H, apparent 
ddd, J = 12.8, 8.8, 8.4 Hz), 1.86 (1H, apparent ddd, J = 12.8, 4.0, 3.6 Hz), 1.26-1.20 (6H, 
m); 13C NMR (CDCl3, 100 MHz): δ  156.1 (br), 142.7, 136.8, 134.0, 129.5, 128.7, 127.9, 
126.4, 116.1, 74.3, 62.4, 60.9, 59.9, 40.2, 14.6, 14.6;  HRMS (ESI+): Calcd for 
C20H25N2O4 [M-OH]+: 357.18143; Found: 357.18211. 
Z isomer.  IR (neat): 3431 (br m), 3063 (w), 2982 (m), 2933 (m), 1801 (w), 1685 (s), 
1603 (w), 1467 (m), 1425 (m), 1379 (m), 1346 (m), 1301 (s), 1274 (s), 1176 (m), 1130 
(m), 1032 (m), 749 (m), 700 (m) cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.42-7.24 (5H, m), 
5.86 (1H, br s), 5.80-5.75 (1H, m), 5.70-5.68 (1H, m), 5.48-5.39 (2H, m), 5.20 (1H, dd, J 
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= 10.4, 1.6 Hz), 5.07 (1H, app t, J = 8.8 Hz), 4.76 (1H, br s), 4.27-4.18 (4H, m), 2.51 
(1H, apparent ddd, J = 12.8, 8.8, 8.4 Hz), 1.89 (1H, apparent ddd, J = 13.2, 2.4, 2.8 Hz), 
1.31-1.27 (6H, m). 13C NMR (CDCl3, 100 MHz): δ 157.6 (br), 143.0, 135.8, 133.3, 129.5, 
128.7, 128.6, 127.9, 126.2, 116.41, 74.5, 63.1, 62.5, 61.2, 54.4, 39.2, 14.7, 14.6;  HRMS 
(ESI+): Calcd for C20H25N2O4 [M-OH]+: 357.18143; Found: 357.18268. Diastereomeric 
ratios were determined by HPLC analysis of the derived enones (below). 
(3S,5R)-Diethyl 3-((E)-3-oxo-3-phenylprop-1-enyl)-5-vinylpyrazolidine-1,2-
dicarboxylate (enone derived from E-3.66).  This material was obtained through 
oxidation with MnO2 as described above.  The desired α,β-unsaturated ketone was 
isolated in 87% yield (pale yellow oil).  IR (neat): 2958 (w), 2924 (w), 2853 (w), 1708 
(s), 1672 (m), 1626 (m), 1597 (w), 1579 (w), 1465 (w), 1458 (w), 1408 (m), 1375 (m), 
1287 (s), 1271 (s), 1217 (m), 1176 (m), 1132 (m), 1016 (w), 929 (m), 755 (w), 699 (m) 
cm-1; 1H NMR (CDCl3, 400 MHz): δ 8.01-7.96 (2H, m), 7.78-7.10 (4H, m), 6.93 (1H, dd, 
J = 15.2, 5.6 Hz), 5.78 (1H, ddd, J = 16.9, 10.2, 7.2 Hz), 5.33-5.21 (1H, m), 5.15 (1H, d, 
J = 10.4 Hz), 4.88 (1H, app s), 4.60 (1H, app s), 4.22 (4H, q, J = 7.2 Hz), 2.65 (1H, 
apparent ddd, J = 12.8, 8.8, 8.8 Hz), 2.01 (1H, apparent ddd, J = 12.8, 3.6, 3.6 Hz), 1.30-
1.25 (6H, m). Diastereomeric ratio was established by HPLC analysis of the enone in 
comparison with authentic racemic material (95:5 er).  After correction for enantiomeric 
purity of the allylic alcohol substrate (95.5:4.5 er), stereoselectivity of the DROCM 
process was determined to be >98:<2 dr.  Daicel Chiralpak OD (95:5 hexanes:2-
propanol, 0.8 mL/min, 220 nm) was used. 
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 Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 29.22 2001516 50.932 1 28.94 114952 4.921 
2 36.35 1928243 49.068 2 35.51 2220889 95.079 
(3R,5S)-Diethyl 3-((Z)-3-oxo-3-phenylprop-1-enyl)-5-vinylpyrazolidine-1,2-
dicarboxylate (enone derived from Z-3.66). This material was obtained through 
oxidation with MnO2 as described above.  The desired α,β-unsaturated ketone was 
isolated in 53% yield (pale yellow oil).  IR (neat): 2981 (w), 2959 (w), 2924 (w), 2854 
(w), 1699 (s), 1665 (m), 1610 (m), 1579 (w), 1466 (m), 1448 (m), 1410 (m), 1376 (m), 
1346 (m), 1298 (m), 1269 (m), 1230 (s), 1175 (m), 1133 (m), 1052 (m), 744 (m), 692 (m) 
cm-1; 1H NMR (CDCl3, 400 MHz): δ 7.95-7.93 (2H, m), 7.59-7.55 (1H m), 7.49-7.46 
(2H, m), 6.88 (1H, d, J = 11.6 Hz), 6.48 (1H, dd, J = 11.6, 8.0 Hz), 5.85-5.77 (1H, m), 
5.43-5.40 (2H, m), 5.19 (1H, d, J = 10.8 Hz), 4.76 (1H, app s), 4.26-4.16 (4H, m), 2.89 
(1H, apparent ddd, J = 13.2, 9.6, 8.0 Hz), 1.99 (1H, apparent ddd, J = 13.2, 3.0, 3.0 Hz), 
1.30-1.23 (6H, m). Diastereomeric ratio was established by HPLC analysis of the 
corresponding enone in comparison with authentic racemic material (95.5:4.5 er).  After 
correction for enantiomeric purity of the allylic alcohol substrate (95.5:4.5 er), 
diastereoselectivity of the DROCM reaction was determined to be >98:<2 dr.  Chiralpak 
OD (95:5 hexanes:2-propanol, 0.8 mL/min, 220 nm) was used. 
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 Peak # Retention time 
(min) 
Area Area % Peak # Retention time (min) Area Area % 
1 23.13 3145523 51.658 1 22.75 4800593 95.594 
2 61.31 2943654 48.342 2 60.68 221260 4.406 
 
Proof of Stereochemical Identities of Products 
Please note: The stereochemical identities suggested for products other than those 
explicitly discussed in this section, are by inference. 
Stereochemical identities of Ru-catalyzed DROCM reactions with Cyclopropenes 
A. Synthesis of authentic materials for comparison with DROCM products.  To 
determine the absolute stereochemistry of the DROCM products involving 
cyclopropenes, first a number of authentic materials with established stereochemical 
identity were prepared. 
a. Synthesis of enantiomerically enriched ketone a 
 
(7S,E)-7-Methyl-7-phenylnona-5,8-dien-2-one (a).  This material, formed in 7:1 E:Z 
selectivity and 88:12 er (S enantiomer is major; see Chapter 2 for X-ray analysis), was 
  
Ph Me
Me
O
a
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prepared through enantioselective Ru-catalyzed ROCM reaction of γ,δ-unsaturated 
ketone and cyclopropene 3.21.29 1H-NMR (CDCl3, 400 MHz): δ 7.37-7.28 (E/Z, 4H, m), 
7.24-7.17 (E/Z, 1H, m), 6.20 (Z, 1H, dd, J = 17.2, 10.4 Hz), 6.05 (E, 1H, dd, J = 17.2, 
10.4 Hz), 5.66 (Z, 1H, dt, J = 11.6, 1.6 Hz) 5.71 (E, 1H, d, J = 16 Hz), 5.44-5.36 (E, 1H, 
m), 5.38-5.33(Z, 1H, overlapping m), 5.13 (Z, 1H, d, J = 10.4 Hz), 5.11 (E, 1H, dd, J = 
10.6, 1.0 Hz), 5.06 (Z, 1H, d, J = 17.2), 4.99 (E, 1H, dd, J = 17.2, 1.2 Hz), 2.54 (E/Z, 2H, 
t, J = 7.4 Hz), 2.36 (E/Z, 2H, q, J = 7.2 Hz), 2.14 (E, 3H, s), 1.97 (Z, 3H, s), 1.46 (E, 3H, 
s), 1.51 (Z, 3H, s). 
b. Synthesis of enantiomerically enriched hydrazone b.  Hydrazone b (Scheme S-1) was 
synthesized from ketone a, as illustrated in Scheme Figure 3.22.30  Ketone a (5.0 mg, 
0.023 mmol) and p-toluenesulfonylhydrazide (5.0 mg, 0.027 mmol, 1.2 equiv) in 1.0 mL 
anhydrous THF.  Purification of the resulting yellow solid by silica gel chromatography 
(100 % CH2Cl2), afforded b (9.2 mg, 0.023 mmol, >98% yield) as a yellow crystalline 
solid.  The material was recrystallized from CH2Cl2/pentane, affording clear, colorless 
crystals, which were analyzed by X-ray crystallography (see Scheme S-1). 1H-NMR 
(CDCl3, 400 MHz): δ 7.86-7.80 (E/Z, 2H, m), 7.24-7.17 (E/Z, 8H, m), 6.13 (Z, 1H, dd, J 
= 17.2, 10.8 Hz), 5.87 (E, 1H, dd, J = 17.6, 10.8 Hz), 5.59 (E, 1H, d, J = 15.6 Hz), 5.53 
(Z, 1H, dt, J = 11.2, 1.2 Hz), 5.35-5.28 (E, 1H, m), 5.27-5.20 (Z, 1H, m), 5.11 (Z, 1H, dd, 
J = 10.8, 1.2 Hz), 5.08 (E, 1H, dd, J = 10.4, 1.2 Hz), 5.00 (Z, 1H, dd, J = 17.6, 1.2 Hz), 
                                                
(29) See Chapter 2 for preparation of ketone a. 
(30) Bertz, S. H.; Dabbagh, G. J. Org. Chem. 1983, 48, 116–119.  
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4.94 (E, 1H, dd, J = 17.2, 1.2 Hz), 2.43 (Z, 3H, s), 2.39 (E, 3H, s), 2.27-2.21 (E/Z, 2H, m) 
1.90 (Z, 3H, s), 1.75 (E, 3H, s), 1.47-1.43 (E/Z, 2H, m), 1.40 (Z, 3H, s), 1.38 (E, 3H, s). 
 
As illustrated in Scheme S-1, ketone a was also converted to lactone d.  Thus, ketone a 
(25.7 mg, 0.113 mmol) was placed in an oven-dried vial containing a stir bar, and 2.0 mL 
anhydrous Et2O was added, followed by 0.150 mL of a 1.6 M solution of MeLi (in Et2O, 
0.226 mmol).  The resulting mixture was allowed to stir for 12 h at 22 °C.  The reaction 
was quenched by addition of water at 0 °C.  After addition of 1M solution of HCl (20 
mL), the mixture was washed with CH2Cl2 (5 x 20mL).  The combined organic layers 
were dried over anhydrous MgSO4, and the volatiles were removed in vacuo. The 
resulting yellow oil was purified by silica gel chromatography (20% Et2O in hexanes), 
affording alcohol c (21.8 mg, 0.089 mmol, 79% yield) as a yellow oil as a 4:1 E:Z 
mixture of alkene isomers. 1H NMR (CDCl3, 400 MHz): δ 7.40-7.27 (E/Z, 4H, m), 7.22-
7.16 (E/Z, 1H, m), 6.22 (Z, 1H, dd, J = 17.6, 10.4 Hz), 6.06 (E, 1H, dd, J = 17.2, 10.4 
Hz), 5.72 (E, 1H, dt, J = 15.6, 1.4 Hz) 5.65 (Z, 1H, dt, J = 11.2, 1.2 Hz), 5.44 (E, 1H, 
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overlapping dt, J = 15.6, 6.8 Hz), 5.44-5.37 (Z, 1H, overlapping m), 5.12 (E/Z, 1H, d, J = 
10.4, 1.2 Hz), 5.06 (Z, 1H, dd, J = 17.6, 1.2 Hz), 5.01 (E, 1H, d, J = 17.6, 1.2 Hz), 2.21-
2.15 (E/Z, 2H, m), 1.72 (Z, 2H, q, J = 8.6 Hz), 1.61-1.56 (E, 2H, m), 1.51 (Z, 3H, s), 1.47 
(E, 3H, s), 1.23 (E, 6H, s), 0.96 (Z, 6H, s). Alcohol c was converted to d following a 
standard hydroboration/oxidative ozonolysis procedure. The spectral data for d match the 
values reported previously.22 
c. Synthesis of enantiomerically enriched alcohol f.  Enantiomerically enriched 
DROCM product 2.27 was converted to terminal carbinol f, as illustrated in Figure 3.23. 
 
B. Determination of the absolute stereochemical identity of DROCM products with 
cyclopropene substrates.  With the required authentic materials in hand, we determined 
the absolute stereochemistry of the products of Ru-catalyzed DROM reactions with 
cyclopropenes in the manner described below. 
a. Absolute stereochemical identities of DROCM products 3.27 and 3.31.  As detailed in 
Scheme Figure 3.24, the absolute stereochemical identity of DROCM products 3.27 and 
3.31 was determined by comparison of the HPLC retention times for the lactones d (see 
Figure 3.22) derived from enantiomerically enriched 3.27 and 3.31 (obtained from 
catalytic DROCM reactions).  The authentic enantiomerically enriched lactone d is that 
obtained from ketone a (Figure 3.22); the absolute stereochemistry of this material was 
Chapter 3, page 288
established by X-ray crystallography (S enantiomer; Scheme Figure 3.22). Accordingly, 
the absolute configuration of 27 is (1R,4S), and that of 31 is (1S,4S).  
 
Peak # Retention time 
(min) 
Area Area % Peak # Retention time 
(min) 
Area Area % 
1 (rac-d) 33.48 1695685 50.009 5 (R-d) 33.86 2427155 80.206 
2 (rac-d) 38.15 1695055 49.991 6 (R-d) 38.75 598990 19.794 
3 (R-d) 33.81 6490434 81.695 7 (R-d) 33.25 17985270 82.328 
4 (R-d) 38.80 1454327 18.305 8 (R-d) 38.31 3860550 17.672 
Please note: Whereas the R enantiomer of allylic alcohol 3.26 was used, it was the S 
enantiomer of 3-phenyl-1-butene (3.30) that was utilized.  Thus, although the analysis 
presented herein points to formation of identical lactone enantiomers, the sense of 
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stereochemical induction in the DROCM reactions of these two cross partners with 
cyclopropene 3.21 is opposite. 
 
b. Absolute stereochemical identity of DROCM product 3.29.  As detailed in Figure 
3.25, the absolute stereochemical identity of methyl ether 3.29 was determined by 
comparison of the HPLC retention times for alcohol f derived from 3.29 with the same 
derivative derived from 3.27.  Accordingly, the absolute configuration for methyl ether 
3.29 is (1R, 4R) [vs (1R, 4S) for 3.27].  
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Peak # Retention time 
(min) 
Area Area % Peak # Retention time 
(min) 
Area Area % 
1 (rac-f) 37.29 7085191 50.395 3 (S-f) 32.93 1700050 7.829 
2 (rac-f) 56.81 6974189 49.605 4 (S-f) 52.21 20015280 92.171 
    5 (R-f) 32.38 6015720 75.473 
    6 (R-f) 50.93 1954920 24.527 
 
 
Stereochemical identities of Ru-catalyzed DROCM reactions with Cyclobutenes 
Absolute stereochemical identity of E-3.58 was established by X-ray crystallography 
(CuKα radiation source); see below for all details. 
The stereochemical identity of DROM product Z-358 was established, as illustrated in 
Figure 3.26, through correlation with the enone and a carbinol derived from E-3.58 
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Determination of the identity of major diastereomers formed in DROCM reaction 
of cyclobutene 3.57 with (S)-3-phenyl-1-butene (3.30).  The sequence illustrated above 
was carried out, starting from DROCM product E-3.58, the stereochemical identity of 
which is established by X-ray crystallography.  Comparison of the stereochemical 
identity of the benzoate-alcohol obtained from E-3.58 to that derived from the product of 
the reaction of cyclobutene and 3-phenyl-1-butene allowed us to establish that the latter 
process proceeds with opposite sense of stereochemical control. Methyl ether obtained as 
colorless oil. 1H NMR (CDCl3, 400 MHz): δ 7.35-7.30 (4H, m), 7.27-7.24 (1H, m), 5.81 
(1H, ddd, J = 16.8, 10.4, 6.0 Hz), 5.81-5.69 (2H, m), 5.16 (1H, ddd, J = 17.2, 1.2, 1.2 
Hz), 5.09 (1H, ddd, J = 10.4, 1.6, 0.4 Hz), 4.62 (1H, d, J = 6.0 Hz), 4.01-3.96 (2H, m), 
3.34 (3H, s), 0.89 (9H, s), 0.86 (9H, s), 0.02 (3H, s), 0.00 (6H, s), –0.04 (3H, s); 13C NMR 
(CDCl3, 100 MHz): δ 141.4, 139.0, 133.0, 131.8, 128.4, 127.6, 127.0, 115.9, 84.1, 78.3, 
76.9, 56.6, 26.0, 18.4, –4.2, –4.3, –4.48, –4.53.  The hydroboration product was obtained 
as a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 7.36-7.24 (5H, m), 5.77-5.66 (2H, m), 
4.62 (1H, d, J = 5.6 Hz), 4.14 (1H, dd, J = 5.6, 3.6 Hz), 3.80-3.65 (3H, m), 3.32 (3H, s), 
1.91-1.52 (3H, m), 0.88 (9H, s), 0.87 (9H, s), 0.06 (3H, s), 0.05 (3H, s), 0.04 (3H, s), 0.00 
(3H, s).  The desired benzoate was obtained as a light yellow oil.  1H NMR (CDCl3, 400 
MHz): δ 8.18-8.16 (1H, m), 8.03-8.01 (2H, m), 7.58-7.52 (2H, m), 7.46-7.42 (2H, m), 
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7.32-7.23 (3H, m), 5.74-5.73 (2H, m), 4.65-4.64 (1H, m), 4.44 (1H, ddd, J = 11.2, 6.8, 
5.2 Hz), 4.32 (1H, ddd, J = 11.2, 8.4, 6.4 Hz), 4.12-4.10 (1H, m), 3.87-3.83 (1H, m), 3.33 
(3H, s), 1.92-1.81 (2H, m), 0.88 (9H, s), 0.88 (9H, s), 0.06 (3H, s), 0.05 (3H, s), 0.04 (3H, 
s), –0.01 (3H, s).  The final alcohol was isolated as a colorless oil.  Spectral data are 
identical to the material prepared before (see above). 
The stereochemical identity was established by HPLC analysis in comparison with 
authentic racemic material (96:4 er).  After correction for enantiomeric purity of the 
allylic alcohol substrate (97:3 er) diastereoselectivity was determined as >98:2 dr.  Daicel 
Chiralpak OD, 99.6:0.4 hexanes:2-propanol, 0.5 mL/min, 230 nm) used. 
Please note: Whereas the R enantiomer of allylic alcohol 3.26 was used, it was (S)-3-
phenyl-1-butene (3.30) that was utilized.  Thus, although the analysis presented herein 
points to formation of identical benzoate-alcohol enantiomers, the sense of 
stereochemical induction in the DROCM reactions of these two cross partners with 
cyclobutene 3.57 is opposite. 
 
Peak # Retention time (min) Area Area % Peak # Retention time (min) Area Area % 
1 22.25 8277736 49.740 1 23.11 714829 4.075 
2 24.06 8364210 50.260 2 24.65 16827120 95.925 
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Table 3.1.  Crystal data and structure refinement for enone derived from E-3.58 
Identification code  d08038 
Empirical formula  C25 H42 O3 Si2 
Formula weight  446.77 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 7.4780(3) Å a= 90°. 
 b = 15.0069(5) Å b= 90°. 
 c = 24.6083(9) Å g = 90°. 
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Volume 2761.58(18) Å3 
Z 4 
Density (calculated) 1.075 Mg/m3 
Absorption coefficient 1.322 mm-1 
F(000) 976 
Crystal size 0.48 x 0.35 x 0.30 mm3 
Theta range for data collection 3.45 to 67.68°. 
Index ranges -8<=h<=8, -17<=k<=17, -28<=l<=29 
Reflections collected 38328 
Independent reflections 4964 [R(int) = 0.0296] 
Completeness to theta = 67.68° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.6925 and 0.5694 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4964 / 0 / 281 
Goodness-of-fit on F2 1.100 
Final R indices [I>2sigma(I)] R1 = 0.0308, wR2 = 0.0809 
R indices (all data) R1 = 0.0309, wR2 = 0.0810 
Absolute structure parameter 0.052(19) 
Largest diff. peak and hole 0.291 and -0.208 e.Å-3 
 
Table 3.2.  Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(Å2x103) for enone derived from E-3.58.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor 
 x y z U(eq) 
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Si(1) 5579(1) 6649(1) 1175(1) 19(1) 
Si(2) 1544(1) 2830(1) 1264(1) 23(1) 
O(1) 5268(2) 5561(1) 1258(1) 22(1) 
O(2) 1824(2) 3891(1) 1090(1) 24(1) 
O(3) 2282(2) 4647(1) 2999(1) 36(1) 
C(1) 2846(3) 4276(1) 10(1) 41(1) 
C(2) 3927(3) 4458(1) 415(1) 30(1) 
C(3) 3527(2) 4292(1) 1006(1) 24(1) 
C(4) 3557(2) 5172(1) 1333(1) 24(1) 
C(5) 3168(2) 4980(1) 1919(1) 24(1) 
C(6) 4329(2) 5068(1) 2321(1) 26(1) 
C(7) 3837(2) 4825(1) 2886(1) 23(1) 
C(8) 5255(2) 4787(1) 3314(1) 22(1) 
C(9) 7078(2) 4742(1) 3194(1) 24(1) 
C(10) 8325(2) 4633(1) 3607(1) 28(1) 
C(11) 7753(3) 4582(1) 4143(1) 31(1) 
C(12) 5945(3) 4648(1) 4267(1) 30(1) 
C(13) 4707(2) 4742(1) 3855(1) 26(1) 
C(21) 4515(2) 7287(1) 1739(1) 29(1) 
C(22) 4580(3) 7020(1) 518(1) 34(1) 
C(23) 8087(2) 6759(1) 1174(1) 23(1) 
C(24) 8615(3) 7742(1) 1102(1) 38(1) 
C(25) 8854(3) 6216(1) 697(1) 31(1) 
C(26) 8862(2) 6400(1) 1707(1) 33(1) 
C(31) 2871(3) 2570(1) 1884(1) 36(1) 
C(32) 2294(3) 2093(1) 700(1) 36(1) 
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C(33) -928(2) 2734(1) 1404(1) 28(1) 
C(34) -1358(3) 1788(1) 1608(1) 42(1) 
C(35) -1970(3) 2908(2) 878(1) 41(1) 
C(36) -1491(3) 3420(2) 1836(1) 44(1) 
 
 
Table 3.3.  Bond lengths [Å] and angles [°] for  enone derived from E-3.58 
Si(1)-O(1)  1.6617(11) 
Si(1)-C(21)  1.8643(17) 
Si(1)-C(22)  1.8663(18) 
Si(1)-C(23)  1.8828(17) 
Si(2)-O(2)  1.6629(11) 
Si(2)-C(31)  1.8599(18) 
Si(2)-C(32)  1.8601(19) 
Si(2)-C(33)  1.8859(17) 
O(1)-C(4)  1.4180(19) 
O(2)-C(3)  1.424(2) 
O(3)-C(7)  1.225(2) 
C(1)-C(2)  1.311(3) 
C(2)-C(3)  1.505(2) 
C(3)-C(4)  1.547(2) 
C(4)-C(5)  1.499(2) 
C(5)-C(6)  1.323(2) 
C(6)-C(7)  1.485(2) 
C(7)-C(8)  1.496(2) 
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C(8)-C(13)  1.393(2) 
C(8)-C(9)  1.396(2) 
C(9)-C(10)  1.388(3) 
C(10)-C(11)  1.389(3) 
C(11)-C(12)  1.390(3) 
C(12)-C(13)  1.381(3) 
C(23)-C(26)  1.531(2) 
C(23)-C(24)  1.537(2) 
C(23)-C(25)  1.541(2) 
C(33)-C(35)  1.533(3) 
C(33)-C(36)  1.538(3) 
C(33)-C(34)  1.540(3) 
O(1)-Si(1)-C(21) 110.68(7) 
O(1)-Si(1)-C(22) 110.12(8) 
C(21)-Si(1)-C(22) 108.71(9) 
O(1)-Si(1)-C(23) 103.06(7) 
C(21)-Si(1)-C(23) 112.36(8) 
C(22)-Si(1)-C(23) 111.82(9) 
O(2)-Si(2)-C(31) 110.14(8) 
O(2)-Si(2)-C(32) 109.83(8) 
C(31)-Si(2)-C(32) 109.03(10) 
O(2)-Si(2)-C(33) 104.09(7) 
C(31)-Si(2)-C(33) 110.94(9) 
C(32)-Si(2)-C(33) 112.73(9) 
C(4)-O(1)-Si(1) 123.10(10) 
C(3)-O(2)-Si(2) 123.73(10) 
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C(1)-C(2)-C(3) 125.18(19) 
O(2)-C(3)-C(2) 112.87(14) 
O(2)-C(3)-C(4) 107.32(13) 
C(2)-C(3)-C(4) 111.04(14) 
O(1)-C(4)-C(5) 112.29(13) 
O(1)-C(4)-C(3) 107.24(13) 
C(5)-C(4)-C(3) 109.50(13) 
C(6)-C(5)-C(4) 124.89(16) 
C(5)-C(6)-C(7) 120.87(16) 
O(3)-C(7)-C(6) 120.08(16) 
O(3)-C(7)-C(8) 120.35(15) 
C(6)-C(7)-C(8) 119.57(14) 
C(13)-C(8)-C(9) 119.14(16) 
C(13)-C(8)-C(7) 117.73(15) 
C(9)-C(8)-C(7) 123.02(15) 
C(10)-C(9)-C(8) 120.46(16) 
C(9)-C(10)-C(11) 119.61(17) 
C(10)-C(11)-C(12) 120.31(17) 
C(13)-C(12)-C(11) 119.84(17) 
C(12)-C(13)-C(8) 120.61(17) 
C(26)-C(23)-C(24) 109.91(16) 
C(26)-C(23)-C(25) 108.99(14) 
C(24)-C(23)-C(25) 108.87(14) 
C(26)-C(23)-Si(1) 110.19(12) 
C(24)-C(23)-Si(1) 109.92(12) 
C(25)-C(23)-Si(1) 108.94(12) 
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C(35)-C(33)-C(36) 109.27(16) 
C(35)-C(33)-C(34) 109.02(16) 
C(36)-C(33)-C(34) 109.56(17) 
C(35)-C(33)-Si(2) 109.34(13) 
C(36)-C(33)-Si(2) 110.08(12) 
C(34)-C(33)-Si(2) 109.55(12) 
Symmetry transformations used to generate equivalent atoms:  
Table 3.4.  Anisotropic displacement parameters (Å2x103) for enone derived from E-3.58.  
The anisotropic displacement factor exponent takes the form: –2p2[h2 a*2U11 +... + 2 h k 
a* b* U12] 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 U11 U22  U33 U23 U13 U12 
Si(1) 22(1)  17(1) 19(1)  2(1) 0(1)  -1(1) 
Si(2) 22(1)  19(1) 26(1)  1(1) -1(1)  -1(1) 
O(1) 22(1)  19(1) 24(1)  3(1) 0(1)  -2(1) 
O(2) 24(1)  20(1) 30(1)  0(1) -4(1)  -2(1) 
O(3) 26(1)  54(1) 27(1)  4(1) 5(1)  -5(1) 
C(1) 61(1)  35(1) 26(1)  1(1) -6(1)  2(1) 
C(2) 43(1)  24(1) 25(1)  0(1) 1(1)  0(1) 
C(3) 24(1)  20(1) 27(1)  1(1) 0(1)  -2(1) 
C(4) 23(1)  20(1) 28(1)  2(1) 0(1)  -1(1) 
C(5) 24(1)  24(1) 25(1)  -4(1) 3(1)  0(1) 
C(6) 24(1)  28(1) 26(1)  0(1) 3(1)  -1(1) 
C(7) 27(1)  18(1) 24(1)  0(1) 4(1)  0(1) 
C(8) 30(1)  13(1) 24(1)  1(1) 4(1)  -1(1) 
C(9) 32(1)  19(1) 22(1)  2(1) 5(1)  1(1) 
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C(10) 28(1)  23(1) 35(1)  3(1) 0(1)  1(1) 
C(11) 37(1)  26(1) 29(1)  2(1) -7(1)  5(1) 
C(12) 42(1)  26(1) 22(1)  3(1) 2(1)  4(1) 
C(13) 30(1)  21(1) 26(1)  1(1) 4(1)  3(1) 
C(21) 27(1)  26(1) 35(1)  -4(1) 5(1)  3(1) 
C(22) 40(1)  32(1) 31(1)  10(1) -10(1)  0(1) 
C(23) 22(1)  21(1) 25(1)  -2(1) 4(1)  -2(1) 
C(24) 32(1)  26(1) 56(1)  -4(1) 9(1)  -9(1) 
C(25) 33(1)  31(1) 29(1)  -3(1) 9(1)  0(1) 
C(26) 23(1)  46(1) 30(1)  -5(1) -2(1)  4(1) 
C(31) 29(1)  42(1) 37(1)  16(1) -4(1)  -3(1) 
C(32) 45(1)  21(1) 43(1)  -5(1) 11(1)  0(1) 
C(33) 22(1)  23(1) 39(1)  -6(1) 0(1)  -3(1) 
C(34) 28(1)  36(1) 64(1)  3(1) 4(1)  -8(1) 
C(35) 28(1)  38(1) 56(1)  -6(1) -12(1)  2(1) 
C(36) 32(1)  46(1) 56(1)  -18(1) 12(1)  -6(1) 
 
Table 3.5.   Hydrogen coordinates (x104) and isotropic displacement parameters (Å2x 103) 
for enone derived from E-3.58 
 x  y  z  U(eq) 
H(1A) 1709 4018 80 49 
H(1B) 3199 4402 -352 49 
H(2) 5051 4716 328 37 
H(3) 4467 3887 1155 29 
H(4) 2623 5584 1187 28 
H(5) 1999 4779 2008 29 
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H(6) 5494 5290 2247 31 
H(9) 7467 4788 2828 29 
H(10) 9562 4593 3523 34 
H(11) 8602 4501 4426 37 
H(12) 5562 4629 4635 36 
H(13) 3470 4777 3940 31 
H(21A) 3237 7144 1754 44 
H(21B) 4667 7927 1674 44 
H(21C) 5081 7125 2084 44 
H(22A) 5113 6681 219 51 
H(22B) 4816 7656 465 51 
H(22C) 3286 6917 525 51 
H(24A) 8158 8091 1408 57 
H(24B) 8103 7970 762 57 
H(24C) 9921 7792 1088 57 
H(25A) 10157 6283 687 47 
H(25B) 8342 6433 355 47 
H(25C) 8550 5585 744 47 
H(26A) 10166 6465 1703 49 
H(26B) 8550 5769 1745 49 
H(26C) 8365 6736 2013 49 
H(31A) 4138 2694 1814 54 
H(31B) 2722 1940 1977 54 
H(31C) 2453 2941 2186 54 
H(32A) 1575 2213 376 55 
H(32B) 2146 1469 808 55 
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H(32C) 3557 2210 621 55 
H(34A) -2649 1732 1667 64 
H(34B) -726 1679 1951 64 
H(34C) -972 1351 1336 64 
H(35A) -1644 2459 606 61 
H(35B) -1675 3502 740 61 
H(35C) -3256 2873 952 61 
H(36A) -2769 3354 1913 67 
H(36B) -1257 4023 1700 67 
H(36C) -804 3320 2169 67 
Details of Computational Studies 
All calculations were performed in Gaussian 03, Rev. E01.31  All structures were 
optimized with tight convergence criteria (opt=tight and SCF=tight) on ultrafine grid 
(99,590). The stationary points minimum nature was assured by frequency calculations, 
where no imaginary frequencies were found. Throughout these studies BP86 GGA was 
employed as implemented in Gaussian 03, with Stuttgart-Dresden RECP on Ru 
(MWB28), 6-31G (d,p) on the rest of atoms with the exception of Cl atoms, where 6-
                                                
(31) Gaussian 03, Revision E.01, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. 
A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; 
Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; 
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; 
Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; 
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, 
C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; 
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; 
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; 
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; 
Wong, M. W.; Gonzalez, C.; and Pople, J. A.; Gaussian, Inc., Wallingford CT, 2004. 
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31G(3df) was employed. N, O, and Cl atom basis sets were augmented with diffuse 
functions. 
Please note: All basis sets are as implemented in Gaussian 03. APT charges were 
calculated as part of frequency calculations on the fully optimized structures at the same 
level of theory as above. The output was visualized with GaussView 3.09.32 
 
Cartesian Coordinates 
C           0.000000000000      0.000000000000      0.000000000000 
 Ru        0.000000000000      0.000000000000      1.837471370000 
 H         7.811444201699      0.000000000000      4.489089271779 
 Cl       -0.262227885947     -2.408353946741      1.733551819428 
                                                
(32) GaussView, Version 3.09, Dennington II, Roy; Keith, Todd; Millam, John; Eppinnett, Ken; Hovell, 
W. Lee; and Gilliland, Ray; Semichem, Inc., Shawnee Mission, KS, 2003. 
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 Cl       -0.296377030390      2.397697570715      2.190523352733 
 C        -2.133214732445     -0.052958399064      2.139943411962 
 N        -2.733247077269     -0.178751259216      3.356599742814 
 N        -3.116611477203     -0.000682053837      1.197784036430 
 C        -2.131871984206     -0.211371283200      4.670985433869 
 C        -4.217902424658     -0.135459262043      3.282564291684 
 C        -4.479434929016     -0.179764987464      1.770348646347 
 C        -3.026962785911      0.184027272550     -0.230249100561 
 H        -4.648435169500     -0.993589102052      3.824069788839 
 H        -5.145782110476      0.625320500234      1.419790734742 
 H        -4.583963575456      0.793761837796      3.755062222694 
 H        -4.897660599556     -1.146136077190      1.436301795919 
 C        -3.045257378521      0.564662265924     -3.030235437123 
 C        -3.122346179403      1.500638682392     -0.752546443022 
 C        -3.019344644858     -0.948949416365     -1.084145541643 
 C        -3.012132129601     -0.727774854729     -2.475327701728 
 C        -3.113788425666      1.661821495968     -2.150377996999 
 C        -3.254575605824      2.704978541019      0.150754191285 
 C        -3.043090938661     -2.358646413925     -0.539645462468 
 H        -2.997587545326     -1.598457776926     -3.142157599771 
 H        -3.173512430636      2.676961088515     -2.560451554468 
 C        -3.004137320087      0.773220348018     -4.528683711919 
 C        -1.067435417471     -0.294286421207      7.286094138999 
 C        -1.972935699470      0.998802630210      5.395385034834 
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 C        -1.875766318437     -1.470262008410      5.278011032004 
 C        -1.328372886675     -1.479097989098      6.573364904508 
 C        -1.417692357206      0.927803821242      6.687122429075 
 C        -2.449722820581      2.332709520132      4.865135836956 
 C        -2.215628413533     -2.771456457757      4.590806828944 
 H        -1.112896122108     -2.446754313853      7.042221114233 
 H        -1.270375706464      1.861201487938      7.243842986701 
 C        -0.433395401095     -0.336540423679      8.659493659571 
 H        -4.182744771536      2.660698180939      0.750618173614 
 H        -3.289525525264      3.631841820431     -0.442926434439 
 H        -2.410220623646      2.775890427263      0.858115617572 
 H        -4.020984526819     -2.594234892835     -0.079055674385 
 H        -2.267000284009     -2.513934266868      0.230509541119 
 H        -2.881961339689     -3.089012604817     -1.348314189984 
 H        -3.297216893721     -2.839865709744      4.370211443981 
 H        -1.955567418193     -3.626606078842      5.234533473226 
 H        -1.675957081938     -2.873541640745      3.633486659542 
 H        -3.511527170305      2.497600959656      5.132293065191 
 H        -2.344464224572      2.410012446320      3.773602957348 
 H        -1.873171475435      3.158070688291      5.312239593995 
 H        -0.725485092359      0.535115307282      9.268006553241 
 H         0.669552472298     -0.328783707243      8.584997979164 
 H        -0.715701102866     -1.250612875881      9.207831319656 
 H        -3.617023099874      1.637949716435     -4.833008700828 
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 H        -3.367396931700     -0.114874152293     -5.071122078490 
 H        -1.972194937945      0.970345956576     -4.872172818132 
 C         0.442427257715      1.013205315717     -1.041081469650 
 H        -0.303839225994     -0.948114841323     -0.487572802223 
 H        -0.463551324108      1.142495790241     -1.684890315052 
 C         1.514858625137      0.325014589705     -1.900076491735 
 O         0.908525355910      2.268935822092     -0.592823179036 
 H         0.464716981982      2.469194102389      0.273003649691 
 C         3.479727305557     -0.991075152798     -3.438230373556 
 C         2.877137490018      0.632488859300     -1.724088155331 
 C         1.143797970619     -0.641746643995     -2.856354420375 
 C         2.120564173758     -1.297769887650     -3.619827881207 
 C         3.852768478365     -0.021759012775     -2.493277748618 
 H         3.154055393437      1.403334884526     -1.000304448942 
 H         0.082194893935     -0.871850351446     -3.007914989844 
 H         1.819708647103     -2.044218514965     -4.362826227679 
 H         4.909542912585      0.230153852751     -2.353891905719 
 H         4.242897272511     -1.499786441277     -4.036588552483 
 C         2.067873232569     -0.682418071024      2.032003887219 
 H         2.412341363501     -1.520934107704      1.427463833050 
 C         2.497208731454      0.006925259560      3.320019455196 
 C         2.064558191014      0.701099201707      2.039331694303 
 H         2.399701818031      1.544651920657      1.436031925812 
 C         3.984128045814      0.006664676796      3.621523118874 
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 C         1.625261625579     -0.009365715432      4.575198637704 
 H         1.832083485680     -0.904003905859      5.187948987454 
 H         0.545457257123     -0.024094253340      4.331937506088 
 H         1.805553303988      0.887085686910      5.193755363639 
 C         6.742713380227      0.002018833224      4.249536780209 
 C         4.664192676709     -1.204413423822      3.867751812852 
 C         4.706316522427      1.215307851565      3.698410079321 
 C         6.075406631242      1.214203190448      4.009475514125 
 C         6.032977228951     -1.208090930963      4.178300508210 
 H         4.112054419544     -2.149610815455      3.810062928854 
 H         4.187012985053      2.162227131213      3.511410942091 
 H         6.622345359620      2.161940423537      4.062783885701 
 H         6.547325868934     -2.157825005924      4.361777698443 
 
Convergence 
      Item                                Value       Threshold Converged? 
 Maximum Force                0.000000    0.000015         YES 
 RMS Force                         0.000000    0.000010         YES 
 Maximum Displacement  0.000006    0.000060         YES 
 RMS Displacement           0.000001    0.000040         YES 
 Predicted change in Energy=-2.964756D-13 
 Optimization completed. 
    -- Stationary point found. 
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APT charges 
 APT atomic charges: 
              1 
     1 C 0.407611 
     2 Ru -0.225019 
     3 H 0.002983 
     4 Cl -0.457809 
     5 Cl -0.473063 
     6 C 0.983008 
     7 N -0.654005 
     8 N -0.629596 
     9 C 0.136529 
    10 C 0.153815 
    11 C 0.167726 
    12 C 0.136950 
    13 H -0.015289 
    14 H -0.016867 
    15 H -0.023154 
    16 H -0.025045 
    17 C 0.169830 
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    18 C 0.067688 
    19 C 0.077746 
    20 C -0.158928 
    21 C -0.152764 
    22 C -0.003537 
    23 C -0.016657 
    24 H 0.014393 
    25 H 0.014744 
    26 C 0.056404 
    27 C 0.178689 
    28 C 0.063222 
    29 C 0.079625 
    30 C -0.141354 
    31 C -0.142200 
    32 C 0.013887 
    33 C -0.024113 
    34 H 0.009344 
    35 H 0.009255 
    36 C 0.061088 
    37 H -0.018389 
    38 H -0.009112 
    39 H 0.081685 
    40 H -0.017971 
    41 H 0.091690 
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    42 H -0.006002 
    43 H -0.019919 
    44 H -0.015086 
    45 H 0.111460 
    46 H -0.030878 
    47 H 0.050347 
    48 H 0.006933 
    49 H -0.016901 
    50 H -0.021680 
    51 H -0.017906 
    52 H -0.017657 
    53 H -0.013700 
    54 H -0.015803 
    55 C 0.220305 
    56 H -0.016423 
    57 H -0.029005 
    58 C 0.028216 
    59 O -0.586643 
    60 H 0.341115 
    61 C -0.027178 
    62 C -0.093361 
    63 C -0.049881 
    64 C 0.006373 
    65 C 0.016130 
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    66 H 0.065598 
    67 H 0.027613 
    68 H 0.006471 
    69 H 0.009637 
    70 H 0.005443 
    71 C 0.128204 
    72 H 0.008939 
    73 C 0.171234 
    74 C 0.131236 
    75 H 0.023814 
    76 C 0.061391 
    77 C -0.019483 
    78 H -0.012664 
    79 H -0.049783 
    80 H -0.011892 
    81 C -0.035680 
    82 C -0.085062 
    83 C -0.084517 
    84 C 0.007598 
    85 C 0.008309 
    86 H 0.033856 
    87 H 0.036620 
    88 H -0.001067 
    89 H -0.001713 
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 Sum of APT charges= 0.00000 
 
O-H Stretching Frequency: 
€ 
˜ v(O−H) = 3349cm−1 Intensity = 423.0  
 
Cartesian Coordinates 
C         0.000000000000      0.000000000000      0.000000000000 
 Ru        0.000000000000      0.000000000000      1.837985780000 
 H         7.957332165598      0.000000000000      3.969544228983 
 Cl       -0.342836176637     -2.407668601202      1.958937873870 
 Cl       -0.187514051367      2.421153862274      1.781973907545 
 C        -2.110265975890      0.067517097904      2.249650607979 
Chapter 3, page 313
 N        -2.625608871876      0.119212028203      3.509674868922 
 N        -3.156857166021      0.048132743851      1.376891135463 
 C        -1.949773625669      0.208180653472      4.785387202113 
 C        -4.111895879027      0.073773177914      3.538934986639 
 C        -4.481826942157      0.139359256427      2.051419719175 
 C        -3.191103374747     -0.001825652828     -0.063687153341 
 H        -4.444656727537     -0.860422759800      4.024733389625 
 H        -4.976731044364      1.086080300784      1.770705568843 
 H        -4.502501037474      0.924084130834      4.121944236477 
 H        -5.126108525448     -0.694834399423      1.727944395677 
 C        -3.573987521945     -0.096492947561     -2.865374861831 
 C        -3.262044109234      1.210948179399     -0.798806011722 
 C        -3.370259340200     -1.259455626009     -0.696845801747 
 C        -3.540388695671     -1.278509175813     -2.097153462038 
 C        -3.439226796639      1.131794287090     -2.193282891951 
 C        -3.179489572103      2.557849610705     -0.121493214479 
 C        -3.411838181041     -2.548002652775      0.091727882574 
 H        -3.670489059529     -2.246600554386     -2.595364877441 
 H        -3.482288520724      2.064423694999     -2.767879585337 
 C        -3.727741217770     -0.150650178912     -4.369591107415 
 C        -0.805518720916      0.407589030380      7.359233382455 
 C        -1.745719023855      1.492257214510      5.358065810149 
 C        -1.686314679889     -0.977237374448      5.521133992590 
 C        -1.095716328647     -0.845675488037      6.792026617830 
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 C        -1.157386076279      1.560215874929      6.634039259247 
 C        -2.167593912997      2.759319912792      4.651851468558 
 C        -2.061864884428     -2.346752667356      5.005282548035 
 H        -0.873703192238     -1.757040451966      7.360136233600 
 H        -0.983077633454      2.548297745151      7.076608537926 
 C        -0.138576065841      0.513983074131      8.713519854348 
 H        -4.040385313701      2.724925050100      0.552449768156 
 H        -3.186108984890      3.367236822880     -0.868297827692 
 H        -2.263659511082      2.649212195057      0.489692251188 
 H        -4.317922490585     -2.601433552286      0.724343212227 
 H        -2.537943228032     -2.645004869893      0.759464367969 
 H        -3.436839849585     -3.416298518133     -0.585560995719 
 H        -3.160159999869     -2.465783436959      4.944836362089 
 H        -1.687668357918     -3.129243463595      5.684228562560 
 H        -1.648263852429     -2.532952706047      3.999650896277 
 H        -3.257898469418      2.778572569985      4.467267001439 
 H        -1.663037385260      2.860822426170      3.675042203379 
 H        -1.922852228739      3.641209787686      5.264654625963 
 H        -0.374531234178     -0.354201444278      9.350762359245 
 H        -0.448199956989      1.428031046815      9.246819575402 
 H         0.961419320902      0.553912007710      8.610265225191 
 H        -4.230902202611      0.751062658700     -4.755345973600 
 H        -4.307795881825     -1.033211853501     -4.685583953064 
 H        -2.740540089198     -0.212163148555     -4.862569342678 
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 C         0.265609918738     -1.113292027916     -1.007211536824 
 H        -0.100621798696      0.989521656809     -0.497821576633 
 H        -0.101887530271     -2.079912408026     -0.619096252243 
 C         1.768444093015     -1.207391847198     -1.247140688591 
 O        -0.345726401121     -0.779058291229     -2.268178164978 
 H        -1.318798777504     -0.834116690690     -2.150240704349 
 C         4.542926820158     -1.383738713492     -1.722959463270 
 C         2.444837261013     -0.162762122342     -1.912520694839 
 C         2.492551461041     -2.338828989876     -0.823381142959 
 C         3.873452794853     -2.427309696820     -1.061983881641 
 C         3.824867373203     -0.253291083804     -2.149435481598 
 H         1.877427072281      0.702791006772     -2.268028286728 
 H         1.964932316531     -3.152745833404     -0.313470993710 
 H         4.424872756593     -3.316412225686     -0.738239537150 
 H         4.340279519768      0.558226054382     -2.674124774756 
 H         5.618823416022     -1.455604392007     -1.914436348984 
 C         2.012242321463     -0.724903967639      2.185097594740 
 H         2.333802963331     -1.670564176080      1.750225919804 
 C         2.545634536148      0.160578048891      3.317229571640 
 C         2.088164838721      0.638085333237      1.947901232189 
 H         2.478738172377      1.344917879999      1.214714977140 
 C         4.046434898185      0.112809364797      3.501254401905 
 C         1.718894921633      0.428817098387      4.566673561483 
 H         1.857188950341     -0.360339707204      5.326221571018 
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 H         0.642658531346      0.464303351226      4.327259111102 
 H         1.972049913718      1.404622815833      5.017538247559 
 C         6.870469217434      0.031020203322      3.839233339182 
 C         4.637849124632      0.321941542871      4.767825219279 
 C         4.908000299753     -0.142123338134      2.406493005700 
 C         6.299264913823     -0.181500110929      2.574299840629 
 C         6.030571795935      0.282333250451      4.934742710134 
 H         4.005378349033      0.519694984707      5.637787568312 
 H         4.486895813049     -0.315636314658      1.410960727778 
 H         6.940528515662     -0.380712717032      1.708696039890 
 H         6.459270103318      0.449474623987      5.929049236256 
 
Convergence 
         Item                           Value       Threshold      Converged? 
 Maximum Force              0.000001    0.000015        YES 
 RMS Force                       0.000000    0.000010        YES 
 Maximum Displacement 0.000054    0.000060        YES 
 RMS Displacement          0.000010     0.000040       YES 
 Predicted change in Energy=-1.310851D-11 
 Optimization completed. 
    -- Stationary point found. 
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APT charges 
 APT atomic charges: 
              1 
     1 C 0.323900 
     2 Ru -0.254250 
     3 H 0.000478 
     4 Cl -0.483616 
     5 Cl -0.471015 
     6 C 1.030572 
     7 N -0.657416 
     8 N -0.649508 
     9 C 0.126419 
    10 C 0.159940 
    11 C 0.163471 
    12 C 0.150674 
    13 H -0.023533 
    14 H -0.025972 
    15 H -0.017953 
    16 H -0.019389 
    17 C 0.181079 
    18 C 0.090027 
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    19 C 0.054395 
    20 C -0.170957 
    21 C -0.136112 
    22 C -0.028774 
    23 C -0.016336 
    24 H 0.018169 
    25 H 0.012508 
    26 C 0.048354 
    27 C 0.180901 
    28 C 0.073342 
    29 C 0.072854 
    30 C -0.143505 
    31 C -0.143827 
    32 C -0.019773 
    33 C -0.021329 
    34 H 0.008347 
    35 H 0.008592 
    36 C 0.062545 
    37 H -0.014039 
    38 H -0.011483 
    39 H 0.110823 
    40 H -0.016003 
    41 H 0.097027 
    42 H -0.008035 
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    43 H -0.021419 
    44 H -0.010569 
    45 H 0.108069 
    46 H -0.021217 
    47 H 0.106455 
    48 H -0.013139 
    49 H -0.016856 
    50 H -0.017744 
    51 H -0.022452 
    52 H -0.014540 
    53 H -0.015319 
    54 H -0.007657 
    55 C 0.398877 
    56 H -0.001248 
    57 H 0.008083 
    58 C -0.024780 
    59 O -0.673394 
    60 H 0.265947 
    61 C -0.027408 
    62 C -0.061932 
    63 C -0.058290 
    64 C -0.021604 
    65 C 0.014852 
    66 H 0.054518 
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    67 H 0.050379 
    68 H 0.018116 
    69 H 0.010770 
    70 H 0.016276 
    71 C 0.145043 
    72 H 0.013433 
    73 C 0.030719 
    74 C 0.229314 
    75 H 0.003179 
    76 C 0.100667 
    77 C -0.001855 
    78 H -0.014771 
    79 H -0.012040 
    80 H -0.015172 
    81 C -0.068241 
    82 C -0.088701 
    83 C -0.111557 
    84 C 0.034443 
    85 C 0.006028 
    86 H 0.039330 
    87 H 0.043448 
    88 H 0.007434 
    89 H -0.005070 
 Sum of APT charges= 0.00000 
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O-H Stretching Frequency: 
€ 
˜ v = 3582cm−1 Intensity = 240.5 
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Chapter 4. 
Z-SELECTIVE MOLYBDENUM CATALYZED OLEFIN METATHESIS 
4.1 Overview of Z Olefin Synthesis  
 Z olefins are a prevalent structural motif found in a wide range of natural 
products; for example falcarindiol (4.1), a natural product isolated from the plant species 
Aegopodium podagraria, which was found to have anti-inflammatory and anti-tumor 
properties (Figure 4.1).1 Additionally, disorazole C1 (4.2) is a macrocyclic polyketide 
natural product isolated from Sorangium cellulosum with potent cytotoxic activity; 
disorazole C1 disrupts microtubulin polymerization and inhibits cell growth in a variety 
of cancer cell lines (with an average IC50 of 1.7 ± 0.6 nm).
2,3  
                                                          
(1) Prior, R. M.; Lundgaard, N. H.; Light, M. E.; Stafford, G. I.; Staden, J.; Jager, A. K. J. Ethnopharm. 
2007, 113, 176-178. 
(2) Jansen, R.; Irschik, H.; Reichenbach, H.; Wray, V.; Hofle, G. Liebigs Ann. Chem. 1994, 759-773.   
(3) Tierno, M. B.; Kitchens, C. A.; Petrik, B.; Graham, T. H.; Wipf, P.; Xu, F. L.; Saunders, W. S.; Raccor, B. S.; 
Balachandran, R.; Day, B. W.; Stout, J. R.; Walczak, C. E.; Ducruet, A. P.; Reese, C. E.; Lazo, J. S. J. Pharmacol. Exp. 
Ther. 2009, 328, 715-722. 
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Another important class of natural products that contain Z enol ethers are the 
plasmalogens, such as plasmalogen C18 (plasm)-16:0 (PC) (4.3), which are phospholipid 
components of cell membranes that are prevalent in mammalian nerve and brain tissue.4 
Plasmalogen deficiency has been implicated in Alzheimer’s disease, and is also thought 
to play a role in sensitivity to oxidative stress observed in Down’s syndrome patients.5 
Furthermore, although plasmalogens can exist either as Z or E enol ethers, it has been 
demonstrated that the Z enol ether plasmalogens are more potent antioxidants than the 
corresponding E enol ether plasmalogens; this latter property could potentially be 
exploited by tuning the rate of oxidative degradation of liposomes composed of 
plasmalogens by varying the concentration of the Z enol ether lipid component.6,7  
 In addition to their common occurence in natural products, Z olefins are useful 
synthons for diastereoselective transformations: for example, dihydroxylation of a Z 
olefin tends to be more diastereoselective than the corresponding E olefin.8 Synthesis of  
Z olefins thus allows access to epoxides, diols, and other functional groups in high 
diastereoselectivity; for example, allylic amide 4.4, could be converted to the diol 
                                                          
(4) Nagan, N.; Zoeller, R. A.  Prog. Lipid Research 2001, 40, 199-229.  
(5) Ginsberg, L.; Rafique, S.; Xuereb, J. H.; Rapoport, S. I.; Gershfeld, N. L. Brain Res. 1995, 698, 223-
226. 
(6) Synthesis of plasmalogens is therefore a promising avenue for new drug delivery techniques, see: (a) 
Thompson, D. H.; Gerasimov, O. V.; Wheeler, J. J.; Rui, Y.; Anderson, V. C. Biochim. Biophys. Acta  
1996, 1279, 25-34; (b) Rui, Y.; Wang, S.; Low, P. S.; Thompson, D. H. J. Am. Chem. Soc. 1998, 120, 
11213-11218. 
(7) For comparison of Z and E enol ethers, see: Lankalapalli, R. S.; Eckelkamp, J. T.; Sircar, D.; Ford, D. 
A.; Subbaiah, P. V.; Bittman, R. Org. Lett. 2009, 11, 2784-2787. 
(8) For a discussion of the differences in diastereoselectivity in dihydroxylation of Z and E olefins, see: 
Hoveyda, A.; Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307.  
Chapter 4, page 347
containing natural product KRN7000, a potent immunostimulant and anti-tumor agent.9 
KRN7000 is a synthetic analog derived from the Okinawan marine sponge Agelas 
mauritanius, and the relative stereochemistry of the amide and diol are critical for the 
biological activity of the drug.10 The development of new methods for producing Z 
olefins is thus important both for the total synthesis of Z olefin containing natural 
products and for diastereoselective synthesis. 
 A variety of methods have been developed for stereoselective Z olefin synthesis, 
and the most common methods include partial hydrogenation of alkynes and the Wittig 
olefination (Figure 2). Alkynes can be accessed either through nucleophilic addition of an 
acetylide to a suitable electrophile, or by Sonogashira cross-coupling.11 The alkyne can 
                                                          
(9) For previous syntheses of KRN7000, see: (a) Kim, S.; Song, S.; Lee, T.; Jung, S.; Kim, D. Synthesis, 
2004, 6, 847-850; (b) Matto, P.; Modica, E.; Franchini, L.; Facciotti, F.; Mori, L.; De Libero, G.; Lombardi, 
G.; Fallarini, S.; Panza, L.; Compostella, F.; Ronchetti, F. J. Org. Chem. 2007, 72, 7757-7760; (c) 
Tsujimoto, T.; Ito, Y. Tetrahedron Lett. 2007, 48, 5513-5516; (d) Boutureira, O.; Morales-Serna, J. A.; 
Díaz, Y.; Isabel Matheu, M. I.; Castillon, S. Eur. J. Org. Chem. 2008, 1851-1854.  
(10) (a) Motohashi, S.; Nagato, K.; Kunii, N.; Yamamoto, H.; Yamasaki, K.; Okita, K.; Hanaoka, H.; 
Shimizu, N.; Suzuki, M.; Yoshino, I.; Taniguchi, M.; Fujisawa, T.; Nakayama, T. J. Immunol. 2009, 182, 
2492-2501; (b) Borg, N. A.; Wun, K. S.; Kjer-Nielsen, L.; Wilce, M. C.; Pellicci, D. G.; Koh, R.; Besra, G. 
S.; Bharadwaj, M.; Godfrey, D. I.; McCluskey, J.; Rossjohn, J. Nature 2007, 448, 44-49; (c) Giabbai, B.; 
Sidobre, S.; Crispin, M. D.; Sanchez-Ruiz, Y.; Bachi, A.; Kronenberg, M.; Wilson, I. A.; Degano, M. J. 
Immunol. 2005, 175, 977-984. 
(11) For a representative example of alkyl halide/alkyne cross-coupling, see: Eckhardt, M.; Fu, G. C. J. Am. 
Chem. Soc. 2003, 125, 13642-13643.  
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then be partially hydrogenated either through the use of Lindlar’s catalyst,12 or by 
hydroboration followed by protodeboration.13 The Wittig olefination is also a powerful 
tool for Z olefin synthesis, allowing aldehydes to be stereoselectively coupled with alkyl 
halides.14 Stereoselectivity in the Wittig olefination, however, is substrate dependent and 
in some instances selectivity can be very poor: for example, Vanderwal and co-workers 
employed a Wittig olefination in a key step in their synthesis of malhamensilipin, and 
only obtained a 66:34 mixture of Z/E isomers, in favor of the desired Z isomer.15  
 Another common method for synthesizing Z olefins is Pd- and Ni-catalyzed cross-
coupling; this method requires that the cross partners be stereoselectively synthesized, 
since olefin geometry is generally retained during cross-coupling reactions.16 For 
example, to utilize a Suzuki-Miyaura cross-coupling to synthesize a Z olefin, a Z vinyl 
boronate could be synthesized through stereoselective Rh-catalyzed hydroboration of a 
terminal alkyne and the vinyl boronate could then undergo a Suzuki-Miyaura coupling 
with aryl, vinyl, or alkyl halide (Figure 4.3).17 Alternatively, a Z vinyl bromide could be 
                                                          
(12) Lindlar’s catalyst has been used in combination with ring-closing alkyne metathesis to access Z olefin 
macrocycles, see: Fürstner, A.; Mathes, C.; Lehmann, C. W. Chem. Eur. J. 2001, 7, 5299–5317.  
(13) Odlo, K.; Klaveness, J.; Rongved, P.; Hansen, T. V. Tetrahedron Lett. 2006, 47, 1101-1103.  
(14) For reviews on the Wittig olefination, see: (a) Maryanoff, B. E.; Reitz, A. B. Chem. Rev. 1989, 89, 
863-927.; (b) Nicolaou, K. C.; Härter, M. W.; Gunzner, J. L.; Nadin, A. Liebigs Ann. 1997, 1283-1301. 
(15) Bedke, D. K.; Shibuya, G. M.; Pereira, A. R.; Gerwick, W. H.; Vanderwal, C. D. J. Am. Chem. Soc. 
2010, 132, 2542-2543. 
(16) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-2483. 
(17) Ohmura, T.; Yamamoto, Y.; Miyaura, N. J. Am. Chem. Soc. 2000, 122, 4990-4991.  
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accessed through Pt-catalyzed alkyne hydrosilylation followed by bromination; the Z 
vinyl bromide could then be cross- coupled to an aryl or vinylboronate or stannane (Stille 
coupling).18 Although cross-coupling is a powerful method for synthesizing Z olefins, the 
challenge of synthesizing the cross partners in high Z-selectivity remains.  
 Olefin cross-metathesis (CM) is a powerful method for synthesizing E olefins in 
high stereoselectivity, however, there are only a few cases where CM can deliver Z 
olefins predominantly. Crowe and co-workers reported that acrylonitrile undergoes CM 
in the presence of Mo-complex 4.6 with a variety of olefin cross partners in moderate to 
high Z-selectivity (Figure 4.5).19 Additionally, Blechert and co-workers similarly found 
that Ru-complex 4.7 also promotes Z-selective CM with several olefin cross-partners and 
acrylonitrile.20 In both the Ru- and Mo-system, Z-selectivity is substrate controlled: 
                                                          
(18) Miller, R. B.; McGarvey, G. J. Org. Chem. 1978, 43, 4424-4431. 
(19) Crowe, W. E.; Goldberg, D. R. J. Am. Chem. Soc. 1995, 117, 5162-5163. 
(20) Randl, S.; Gessler, S.; Wakamatsu, H.; Blechert, S. Synlett, 2001, 430-432. 
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acrylonitrile is sterically small enough to reside syn to the substituent on the olefin cross-
partner, forming a cis-metallacyclobutane. In order for the reaction to be Z-selective, 
formation or breakage of the cis-metallacyclobutane must be lower in energy than the 
trans-metallacyclobutane (which leads to the E olefin).  
 In a related reaction, Lee and co-workers found that enyne substrates, similar to 
acrylonitrile since both have a sp-hybridized carbon attached to the terminal olefin, also 
undergo Z-selective CM (Figure 4.5). Additionally, Snapper and co-workers found that in 
the ring-opening/cross-metathesis (ROCM) of bicyclic cyclobutenes, ROCM products 
were obtained in low Z-selectivity; this could suggest that in this system the kinetic 
product is still the Z olefin, however, the Z-selectivity erodes due to post-metathesis 
isomerization by the Ru-catalyst. Post-metathesis isomerization is an inherent problem in 
                                                                                                                                                                             
(19) Snapper and co-workers have provided a rationale for Z-selective CM of acrylonitrile catalyzed by the 
first generation Grubbs catalyst, see: Tallarico, J. A.; Randall, M. L.; Snapper, M. L. Tetrahedron 1997, 53, 
16511-16520.  
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cross-metathesis, since both the starting material and the product of all olefin metathesis 
reactions are olefins that are thus both capable of reacting with the catalyst; a Z-selective 
CM catalyst must therefore be reactive enough to promote the CM reaction, but not 
active enough to efficiently isomerize the Z olefin product. 
 During our research in Mo-catalyzed, enantioselective ROCM of styrene and 
oxabicycles, we discovered that Mo-mono aryloxide/mono pyrrolide complexes such as 
Mo-catalyst 4.8 not only promote highly efficient, enantioselective ROCM of oxabicycle 
4.9, but pyran 4.10 is also obtained as exclusively the Z-isomer (Figure 4.6).21 A range of 
different styrenes and oxabicycles were found to undergo Z-selective ROCM (87.5:12.5 
to >98:2 Z:E) and an aliphatic olefin (allyl tert-butyldimethylsilyl ether) was also a 
suitable cross partner. The observed Z-selectivity was rationalized to arise from the syn-
benzylidene Mo-complex arising from the cross-metathesis of complex 4.8 with styrene 
coordinating the oxabicycle (as shown in complex 4.11). Complex 4.11 then forms a cis-
disubstituted molybdacyclobutane in which both substituents are oriented away from the 
large freely rotating aryloxide moiety (which is positioned anti to the imido group), and 
towards the relatively small adamantyl imido group (complex 4.12). Cycloreversion of 
                                                          
(21) Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3844-3845.  
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complex 4.12 then delivers the Z-olefin bound to Mo-alkylidene (complex 4.13). This 
reaction is the first example of highly Z-selective ROCM, and the first example of 
catalyst controlled Z-selectivity in olefin metathesis.  
 Following this initial observation, Schrock and co-workers found that Mo-catalyst 
4.14 promotes efficient and stereoselective ring-opening metathesis polymerization of 
norbornadiene 4.15, providing a polymer that is >98% syndiotactic and >98:2 Z (Figure 
4.7).22 Additionally, Schrock and co-workers found that W-catalyst 4.16 was capable of 
promoting highly Z-selective dimerization of a variety of terminal olefins (such as 
allylpinacolatoboron, deliver Z-dimer 4.17). In light of these promising results, we set out 
to investigate whether Mo-mono-aryloxide/mono-pyrrolide catalysts would be capable of 
promoting catalyst controlled Z-selective cross-metathesis of terminal olefins.  
                                                          
(22) Flook, M. M.; Jiang, A. J.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 
7962-7963.  
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 Although on the surface Z-selective cross-metathesis and dimerization appear to 
be very similar processes, cross-metathesis adds two complications that are not present in 
dimerization and must be addressed (Figure 4.8). First, in dimerization there are only two 
possible products, Z and E isomers of the dimer; in cross-metathesis, both terminal 
olefins are capable of dimerization, leading to four byproducts (Z and E isomers of dimer 
A and Z and E isomers of dimer B). Second, the desired reaction can also deliver Z and E 
isomers of the cross-product, thus there are six different products that are potentially 
obtainable from any given cross-metathesis. A common strategy to overcome this 
fundamental limitation is to employ a large excess of one of the olefins: thus it becomes 
unlikely that the limiting olefin forms a significant amount of dimer with itself (there will 
of course be copious amounts of dimer of the olefin that is in excess).23 This strategy 
therefore limits the product distribution to four products, Z and E isomers of the cross-
product and Z and E isomers of the dimer of the olefin used in excess. In order to 
                                                          
(23) For a discussion of product selectivity in cross-metathesis, see: Chatterjee, A. K.; Choi, T.-L.; Sanders, 
D. P.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 11360-11370.  
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improve the outcome of the reaction further, two strategies can be employed to limit 
dimerization of one of the cross-partners: 1) if one cross partner is electronically 
disfavored to undergo dimerization (e.g. enol ethers) this will guarantee cross-metathesis 
is the predominant pathway, and 2) if one cross partner is sterically encumbered enough 
that forming an ,-molybdacyclobutane is prohibitively high in energy, this will also 
limit the amount of dimer formed. We thus set out to develop Z-selective cross-
metatheses in which each of these different strategies is employed. 
4.2 Mo-Catalyzed Z-Selective Cross-Metathesis of Enol Ethers  
We began our investigation in Z-selective CM by studying the cross-metathesis of 
n-butylvinyl ether and allylbenzene (Figure 9).24 With 2.5 mol % catalyst 4.18, in 2 
hours, Z enol ether 4.19 was obtained in 47% conv and >98:2 Z:E. When sterically 
                                                          
(24) Studies of enol ether CM and the formal synthesis of plasmalogen C18 (plasm)-16:0 (PC) were 
conducted in collaboration with Dr. Simon J. Meek.   
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smaller 2,6-dimethylphenylimido complex 4.20 was used, the reaction was more efficient 
(85% conv, 73% yield) and similarly selective (98:2 Z:E). When the size of the imido 
ligand was decreased further to the adamantylimido complex 4.8, the reaction was much 
less efficient, presumably due to rapid decomposition of the sterically exposed Mo-
catalyst (37% conv, >98:2 Z:E). All of the mono aryloxide/mono pyrrolide (MAP) 
complexes gave superior Z-selectivity to the Schrock catalyst (complex 4.6) which was 
essentially non-selective (47.5:52.5 Z:E), however, the Schrock catalyst was at least one 
order of magnitude more  reactive (though presumably shorter lived) than the MAP 
catalysts. Because of the large difference in reactivity, it is possible that complex 4.6 is 
initially Z-selective and Z-selectivity erodes due to post-metathesis isomerization; the 
MAP complexes thus give a balance between reactivity and selectivity. It is also 
important to note that Ru-catalysts do not deliver any of the desired CM product, and 
instead merely cause olefin isomerization of allylbenzene (converting allylbenzene to -
methylstyrene); this olefin isomerization is presumably promoted by a Ru-hydride 
decomposition product or through direct -hydride elimination from the alkylidene.25  
We next examined the scope of the Z-selective CM of enol ethers, and we found 
that with ten equiv n-butyl vinyl ether and 2.5 mol % catalyst 4.20 in the presence of 1 
equiv 1-decene, we obtained Z enol ether 4.21 in 76% conv, 68% yield, and 98:2 Z:E 
(Figure 4.10). In the presence of 1 equiv phenyl 4-pentenoate, under the same conditions, 
Z-enol ether 4.22 was obtained in 79% conv, 79% yield, and again 98:2 Z:E. 
                                                          
(25) Lehman, Jr., S. E.; Schwendeman, J. E.; O’Donnell, P. M.; Wagener, K. B. Inorg. Chim. Acta 2003, 
345, 190-198. 
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Triisopropylsilylallyl ether provided Z-enol ether 4.23 in 85% conv, 79% yield, and with 
slightly reduced selectivity (94:6 Z:E). The reaction was also tolerant of an amine 
functionality, as allylaniline delivered Z-enol ether 4.24 in 51% conv, 49% yield, and 
>98:2 Z:E.  
When 2 equiv p-methoxyphenyl (PMP) vinyl ether was employed in the presence 
of only 1.25 mol % catalyst 4.20 and 1 equiv allylbenzene, Z-enol ether 4.25 was 
obtained in 64% conv, 56% yield, and >98:2 Z:E. The reaction was also tolerant of an 
alkylbromide, as 8-bromo-1-octene under the same conditions as were used for 
compound 4.25, afforded Z enol ether 4.26 in 71% conv, 69% yield, and >98:2 Z:E. This 
reaction could also be used for CM of an alkyne containing substrate, which provided Z 
enol ether 4.27 in 66% conv, 59% yield, >98:2 Z:E as well as sterically encumbered 
vinylcyclohexane (Z enol ether 4.28, 81% conv, 75% yield, >98:2 Z:E); however, both of 
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these latter substrates required higher catalyst loading to achieve good conversion (5 mol 
% vs. 1.25 mol % for the other substrates examined with p-methoxyphenyl vinyl ether). 
The scope of this reaction was thus found to be fairly general, tolerating a range of 
heteroatom containing functional groups. 
We next studied the effect of changing the number of equivalents of n-butylvinyl 
ether in the CM reaction of allylbenzene (in the presence of 2.5 mol % catalyst 4.20, 
Figure 4.11). We found that as the number of equivalents of n-butylvinyl ether increases 
from 1 equiv to 10 equiv, the conversion to desired CM product steadily increases (Chart 
A, Figure 4.11). Also, we found that the Z-selectivity observed in the reaction increases 
0
2
4
6
8
10
12
0 20 40 60 80 100
0
2
4
6
8
10
12
84 86 88 90 92 94 96 98 100
0
2
4
6
8
10
12
0102030405060
Chapter 4, page 358
with increasing equivalents of n-butylvinyl ether (Chart B, Figure 4.11). Furthermore, 
when 1:1 stoichiometry is used, a significant quantity of allylbenzene dimer forms (49% 
conv to dimer); as the number of equivalents of n-butylvinyl ether is increased, the 
amount of dimer formed steadily decreases (Chart C, Figure 4.11). The fact that 
conversion to desired CM product increases with the number of equivalents of the enol 
ether is not surprising since homodimerization is suppressed by having a higher 
concentration of enol ether (i.e. the alkylidene formed from Mo-complex 4.20 and 
allylbenzene is more efficiently trapped by enol ether when there is more present in the 
mixture). However, what was more intriguing was the increased Z-selectivity observed at 
higher enol ether concentration: we hypothesized that at 1:1 stoichiometry a significant 
quantity of ethylene is rapidly generated due to rapid dimerization of allylbenzene. With 
increased ethylene concentration, we expect that more Mo-methylidene (complex 4.29) 
will be present in the mixture, and complex 4.29 is predicted to be the most reactive 
propagating species capable of being formed (due to the diminished steric congestion at 
the Mo-center), and therefore complex 4.29 is expected to much more readily isomerize 
the Z enol ether into the E enol ether than any Fischer-carbene or benzyl substituted 
alkylidene. By increasing the amount of enol ether presence, homodimerization is 
suppressed, and ethylene concentration is thus minimized (although ethylene will still 
build up during the course of the desired CM reaction).  
In order to test our hypothesis regarding the role of ethylene in the CM reaction, 
we examined the effect of removing ethylene by applying a vacuum, and we selected a 
reaction in which the vinyl ether cross partner (4.30) was more precious than the terminal 
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olefin (and therefore it would be undesirable to have to use a large excess of the enol 
ether, Figure 4.12). Enol ether 4.30 was synthesized from triisopropylacetylene by 
deprotonation of the alkyne using n-BuLi followed by trapping the resulting acetylide 
using paraformaldehyde;26 the resulting propargylic alcohol was then subjected to n-
butylvinyl ether, triethylamine, and 0.5 mol % Pd(4,7-diphenylphenathroline)(F3CCO2)2 
and after 12 h at 75 °C, enol ether 4.30 was obtained in 72% yield over two step.27 We 
then examined the cross-metathesis of enol ether 4.30 with 1 equiv 1-octadecene in the 
presence of 2.5 mol % catalyst 4.20, and we found after 16 hours Z enol ether 4.31 was 
obtained in 36%  conv to product and in poor Z-selectivity (70:30 Z:E). When we 
                                                          
(26) Mukherjee, S.; Kontokosta, D.; Patil, A.; Rallapalli, S.; Lee, D. J. Org. Chem. 2009, 74, 9206–9209.  
(27) For Pd–catalyzed vinyl ether formation, see: Bosch, M.; Schlaf, M. J. Org. Chem. 2003, 68, 5225–
5227.  
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increased the number of equivalents of enol ether to five equivalents, efficiency was 
restored and selectivity improved (68% conv to product, 90:10 Z:E). Remarkably, when 
the stoichiometry was reversed (5 equiv 1-octadecene and 1 equiv vinyl ether 4.30) and a 
one torr vacuum was applied to the reaction vessel to remove ethylene, 87% conv to 
product and 95:5 Z:E was observed; this is consistent with our hypothesis that removal of 
ethylene not only drives the reaction (by Le Chatelier’s principle) but also reduces the 
concentration of Mo-methylidene 4.29 and decreases post-metathesis isomerization. 
Because of the large excess of 1-octadecene present, a large amount of insoluble 1-
octadecene dimer formed during the course of the reaction, causing the mixture to 
become heterogeneous. When decalin was used as solvent, this solubilized the dimer and 
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maintained heterogeneity, and under these conditions 1:1 stoichiometry could be used 
with 1 torr vacuum to deliver Z enol ether 4.31 in 89% conv and >98:2 Z:E. 
 Having optimized the Z-selective CM of enol ether 4.30 to furnish Z enol ether 
4.31, we set out to apply this method to the formal synthesis of plasmalogen C18 
(plasm)-16:0 (PC) by intercepting an intermediate previously prepared by Bittman and 
co-workers (Figure 4.13).28 Z enol ether 4.31 was deprotected by treatment with TBAF to 
afford enol ether 4.32 in 85% yield over two steps. Enol ether 4.32 was then subjected to 
NHC-Cu-catalyzed enantioselective diboration, followed by oxidation, which afforded 
diol 4.33 in 56% yield, 96:4 er, and >98:2 Z:E.29 Bittman has previously converted diol 
4.33 into the plasmalogen by a sequence of five steps: 1) silylation of the primary 
alcohol, 2) acylation of the secondary alcohol, 3) deprotection of the silyl group to release 
                                                          
(28) Qin, D.; Byun, H.-S.; Bittman, R. J. Am. Chem. Soc. 1999, 121, 662-668.  
(29) Lee, Y.; Jang, H.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 18234–18235. 
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the primary alcohol, 4) phosphorylation of the alcohol, and 5) opening of the cyclic 
phosphate by trimethylamine to form the plasmalogen. Our route thus consistutes a 
formal synthesis in which the plasmalogen can be prepared in 10 linear steps and 21% 
overall yield. 
4.3 Mo-Catalyzed Z-Selective Cross-Metathesis of Allylic Amides 
 Having examined Z-selective CM of enol ethers, in which dimerization is limited 
due to the electronic structure of the enol ether, we next turned to studying limitation of 
dimerization by increasing the sterics of one of the cross partners.30 Allylic amides were 
selected as a substrate class due to the great potential to access alkaloid derivatives from 
the Z-allylic amides formed. In our initial screen of catalysts, we found that in the 
presence of 3 mol % catalyst 4.8, with 3 equiv 1-hexadecene and 1 equiv allylic amide 
4.34, after five hours under a seven torr vacuum, Z allylic amide 4.35 was obtained in 
93% conv, 88% yield, 93:7 Z:E (Figure 4.14). Both 2,6-dimethylphenylimido complex 
                                                          
(30) Studies of allylic amide CM were conducted in collaboration with Josep Llaveria.   
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4.20 and 2,6-diisopropylphenylimido complex 4.18 delivered lower conversion but 
similar selectivity vs complex 4.8 (44% conv (35% yield) and 96:4 Z:E for complex 4.20 
and 26% conv (21% yield) and 97:3 Z:E for complex 4.18). When achiral Mo-catalyst 4.6 
and achiral Ru-catalyst 4.7 were used, the reaction was efficient (71% conv (68% yield) 
for complex 4.6 and 73% conv (64% yield) for complex 4.7) but the products were 
obtained as 88:12 and 89:11 E:Z mixtures respectively, suggesting that both catalysts 
provide selectivity close to thermodynamic equilibrium (which is consistent with the 
energy difference between E and Z isomers (an 87.5:12.5 ratio is equal to a 1.15 kcal/mol 
energy difference).  
Without vacuum, complex 4.8 delivers Z allylic amide 4.35 in 64% yield and 98:2 
dr; the lower yield and higher selectivity vs the vacuum reaction demonstrates that 
removal of ethylene both drives the reaction forward and increases catalyst lifetime 
(leading to some post-metathesis isomerization, Figure 4.15). When the Br groups in 
catalyst 4.8 are substituted for Cl (complex 4.36), selectivity drops substantially (75:25 
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Z:E), either due to increased post-metathesis isomerization or lower kinetic selectivity 
due to a reduced size differential between the aryloxide and imido group. When Br is 
replaced with I (complex 4.37) or CF3 (complex 4.38), selectivity is higher (>98:2 Z:E) 
but reactivity is reduced (55% conv and 51% conv respectively, at 60 °C, 15 h). When o-
trifluormethylphenylimido complex 4.39 was examined, after 3.5 h 46% conv and >98:2 
Z:E is obtained for allylic amide 4.35. When the TBSO- group of complex 4.39 is 
substituted for a MeO- group, selectivity reverses and efficiency increases (74% conv, 
62:38 E:Z for complex 4.40 vs 46% conv, >98:2 E:Z for complex 4.39) The reversal in 
selectivity could either be due to increased catalytic activity leading to post-metathesis 
isomerization, or it may be due to a lack of a sufficient size differential between the 
aryloxide ligand and the imido group, thus leading to reduced Z-selectivity. W-complexes 
4.41 and 4.16 were also examined, and although complex 4.16 produced <2% conv even 
at elevated temperature, complex 4.41 afforded Z allylic amide 4.35 in 59% conv, >98:2 
Z:E after 24 h at 60 °C. It is clear from this catalyst screen that a careful balance must be 
struck between reactivity and selectivity: when more sterically exposed or more Lewis 
acidic Mo-complexes are employed, reactivity increases, but so does post-metathesis 
isomerization. Additionally, there must be a sufficient steric differentiation between the 
aryloxide and the imido to obtain high Z-selectivity. It is also important to note that in 
none of the reactions screened was any detectable amount of dimer of 4.34 observed 
(although after prolonged exposure to catalyst 4.8, slow dimerization does occur in the 
absence of any other olefins).  
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 One curious observation that was made during our catalyst screen was that when 
the R-enantiomer of the allyic amide substrate (R-4.34, Figure 4.16) was used, 92% conv 
was observed in five hours, but when the S-enantiomer was  used (S-4.34) only 64% conv 
was observed in the same time. To our surprise, when a racemic mixture of amide 4.34 
was used, no kinetic resolution was observed. We hypothesize that the difference in 
reactivity between the enantiomers is likely the result of the formation of an inactive (or 
less active) diastereomeric carbene complex that results in lower conversion to the 
desired product. 
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 Having established complex 4.8 as the optimal catalyst for the Z-allylic amides, 
we set out to explore the scope of the reaction: when the TBS group of amide 4.34 is 
substituted for a benzoyl group (substrate 4.42), Z-allylic amide 4.43 is obtained in 80% 
conv, 74% yield,  >98:2 Z:E (2 sequential additions of 5 mol% catalyst 4.8 were added). 
When the TBS group of amide 4.34 is replaced with a p-methoxybenzyl group (substrate 
4.44), after 3.5 hours without vacuum, amide 4.45 is obtained in 58% conv, 56% yield, 
and >98:2 Z:E. When the phthalimide of amide 4.34 is substituted for an NHBoc group 
(substrate 4.46), reduced reactivity was observed in product 4.47 (only 44% conv, >98:2 
Z:E). When the TBS of substrate 4.46 is substituted for a benzoyl group (substrate 4.48), 
conversion improves (amide 4.49, 61% conv, 53% yield, >98:2 Z:E). Finally, when the 
NHBoc of substrate 4.48 is further protected as a NBoc2 group (substrate 4.50) 
conversion improves dramatically (amide 4.51, 95% conv, 90% yield, >98:2 Z:E). 
 When achiral allylic amides were used, high efficiency was observed but 
selectivity was much lower. For example, when N,N-bis-Boc-allylamine was used 
(substrate 4.52), after only one hour, amide 4.53 was obtained in 87% conv, 74:26 Z:E. 
When N-Boc-allylamine  was used (substrate 4.54), amide 4.55 was obtained in 80% 
conv, 75% yield, 81:19 Z:E. Additionally, when N-allylphthalimide (substrate 4.56) was 
utilized, phthalimide 4.57 was obtained in 87% conv, 87% yield, 85:15 Z:E. When 
amides 4.52,4.54, and 4.56 were subjected to the same reaction conditions but were 
allowed to react for five hours, in all cases the reactions were E selective (approaching 
thermodynamic equilibrium, ~87:13 Z:E). This suggests that these relatively unhindered 
amides are much more prone to post-metathesis isomerization than sterically encumbered 
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amides. Also, allylic amide 4.56 was found to react in the presence of only three equiv 1-
hexadecene and 3 mol % catalyst 4.8 to 80% conv, 60% yield, and slightly improved Z-
selectivity (90:10 Z:E) after only five minutes, which demonstrates the vast difference in 
rate between the achiral and chiral amides.  
In addition to varying the allylic amide, we examined the substrate scope of the 
terminal olefin cross partner, and we found that the catalyst is tolerant of 8-bromooctene, 
delivering amide 4.58 in >98% conv, 88% yield, and 90:10 Z:E. A p-
methoxyphenylbenzyl ether was also tolerated, affording amide 4.59 in 95% conv, 93% 
yield, and 95:5 Z:E. A phenyl ester was also found to be a suitable cross partner, 
providing amide 4.60 in 65% conv, 64% yield, 96:4 Z:E. Finally, the catalyst was also 
capable of reacting with highly sterically congested vinylcyclohexane, which delivered 
amide 4.61 in 65% conv, 65% yield, 97:3 Z:E; this latter result was obtained without 
vacuum (due to vinylcyclohexane’s volatility) and elevated temperature (50 °C) was 
found to be optimal.  
Having established the scope of Z-selective CM of allylic amides, we next set out 
to apply this reaction in the formal synthesis of the potent 
immunostimulant KRN7000 (Figure 4.18). Initially we 
attempted to use some of the allylic amide derivatives 
screened above (e.g. bis-Boc amide 4.50), however, 
installation of the sugar was problematic due to benzoyl 
migration from the primary alcohol to the amine. The presence of a bis-Boc-amide was 
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also critical due to the fundamental diastereoselectivity of allylic amides in OsO4 
catalyzed dihydroxylation (Figure 4.19). In an osmoylation reaction, the OsO4 acts as an 
electrophile with the -cloud of the alkene attacking the Os-O * (therefore the alkene 
acts as a nucleophile, Figure 4.19).31 Houk and co-workers have reported a computational 
study in which it was found that when an allylic amine sits in a conformation in which 
the C-N bond at the allylic position is parallel to the neighboring p-orbital of the alkene 
(conformer 4.62), the alkene electron density is delocalized into the C-N *, which 
decreases the nucleophilicity of the olefin, which leads to reduced reactivity in 
osmoylation.32 When the allylic amine is in the “inside” position (conformer 4.63), the 
overlap between the * and the alkene p-orbital is minimized, which leads to a more 
nucleophilic alkene; as a result, when an allylic amine or a mono-Boc amide is used, the 
syn-diastereomer (in which the osmoylation occurs on the same face of the alkene as the 
amine) is favored. It is also worth noting that the amine proton of a free amine or the 
                                                          
(31) Houk, K. N.; Moses, S. R.; Wu, Y. D.; Rondan, N. G.; Jager, V.; Schohe, R.; Fronczek, F. R. J. Am. 
Chem. Soc. 1984, 106, 3880-3882. 
(32) Houk, K. N.; Duh, H. Y.; Wu, Y. D.; Moses, S. R. J. Am. Chem. Soc. 1986, 108, 2754-2755.  
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amide proton of a Boc amine may also H-bond to the OsO4 and direct it to attack syn. In 
contrast to the free amine or NHBoc amide, a bis-Boc amide is so sterically encumbered 
that the electronically favored “inside” position will cause too much steric clash 
(conformer 4.64), and as a result the electronically deactivated conformer 4.65 is more 
likely to undergo osmoylation, which will afford the anti-diastereomer preferentially. For 
this reason, we selected a bis-Boc-amide as the most suitable candidate for providing 
high diastereoselectivity as well as the correct relative stereochemistry. 
 Our synthesis commenced with glycosylation of commercially available alcohol 
4.66 using Appel conditions, which delivered the glycoside as a mixture of anomers 
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(75:25 :) and following chromatography the -anomer 4.67 was isolated in 62% yield 
(>98:2 :, Figure 4.20).33 With the -anomer in hand we deprotected the phthalimide 
group by treatment with ethylenediamine in refluxing ethanol, which afforded amine 4.68 
in 89% yield. Amine 4.68 was then first mono-Boc protected (87% yield) and then a 
second Boc group was installed, and although extensive efforts were made to optimize 
the second Boc protection, the highest yield obtained was 41% yield of bis-Boc amide 
4.69. With our metathesis substrate in hand, we subjected amide 4.69 to 8 mol % catalyst 
4.8 in the presence of 5 equiv 1-hexadecene, and after five hours under one torr vacuum, 
Z-allylic amide 4.70 was obtained in 94% conv, 85% yield, 96:4 Z:E. Amide 4.70 was 
then subjected to dihydroxylation with catalytic OsO4 in the presence of stoichiometric 
NMO, and this afforded diol 4.71 in 89% yield in 92:8 dr in favor of the desired anti-
diastereomer. Diol 4.71 was then subjected to TFA in CH2Cl2 to remove the Boc groups, 
and the resulting free amine was then acylated with hydroxysuccinate ester of cerotic 
acid, delivering ceramide 4.72 in 87% yield over two steps. Ceramide 4.72 has been 
previously converted to KRN7000 by Kim and co-workers,9a and thus this route 
constitutes a formal synthesis of the target nine linear steps with an overall 14% yield, 
which is five steps shorther than the previous shortest published synthesis.9b This route 
would allow analogs of KRN7000 to be rapidly accessed simply by variation of the 
aliphatic olefin cross partner; this route is also advantageous over E-selective CM since 
this would deliver a product with the wrong relative stereochemistry following 
                                                          
(33) Nishida, Y.; Shingu, Y.; Dohi, H.; Kobayashi, K. Org. Lett. 2003, 5, 2377-2380. 
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dihydroxylation.34 Z-selective CM is therefore a powerful method for accessing synthetic 
building blocks that allow rapid syntheses of complex natural products. 
                                                          
(34) This approach has been previously utilized and requires one of the hydroxyl groups must be 
epimerized, see: Llaveria, J.; Díaz, Y.; Isabel Matheu, M.; Castillon, S. Org. Lett. 2009, 11, 205-208. 
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4.4 Experimentals 
 
General.  All reactions were carried out in oven-dried (135 °C) or flame-dried 
glassware under an inert atmosphere of dry N2 unless otherwise stated.  Alcohol D (see 
below) and substrates phenyl pent-4-enoate, dec-9-en-1-ynyltrimethylsilane, 1-
octadecene, 1-hexadecene, 1-methoxy-4-((oct-7-en-1-yloxy)methyl)benzene, tert-butyl 
allylcarbamate, N-allylphthalimide, and bis-Boc amide 4.69 were dried by azeotropic 
drying with C6H6 prior to use in reactions with Mo-based complexes.  Substrates allyl 
benzene, vinyl cyclohexane, and butyl vinyl ether were degassed by sparging with dry N2 
then dried by distillation from CaH2.  Substrates 1-decene, (allyloxy)triisopropylsilane, 
N-allylaniline, 8-bromooct-1-ene, 1-octadecene, p-methoxyphenyl vinyl ether, and 1-
hexadecene were dried by vacuum distillation from CaH2.  Alcohol D34, and p-
methoxyphenyl vinyl ether,35 N-allylphthalimide36, and 2,5-dioxopyrrolidin-1-yl 
hexacosanoate37 were synthesized according to previously reported procedures.  Infrared 
(IR) spectra were recorded on a Bruker FTIR Alpha (ATR Mode) spectrometer, umax in 
cm-1.  Bands are characterized as strong (s), medium (m), or weak (w), broad (br).  1H 
NMR spectra were recorded on a Varian Unity INOVA 400 (400 MHz), or 500 (500 
MHz) spectrometers.  Chemical shifts are reported in ppm from tetramethylsilane with 
the solvent resonance resulting from incomplete deuteration as the internal reference  
                                                
(34) Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature, 2008, 456, 933–
937  
(35) Hirabayashi, T.; Sakagucgi, S.; Ishii, Y. Org. Synth. 2005, 82, 55–58.  
(36) Abulikemu, A.; Halász, G.; Csámpai, A.; Gömöry, Á.; Rábai, J. J. of Fluor. Chem., 2004, 125, 1143–
1146. 
(37) Kim, S.; Song, S.; Lee, T.; Jung, S.; Kim, D. Synthesis 2004, 6, 847-850.   
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(CDCl3: δ 7.26, C6D6: δ 7.16).  Data are reported as follows: chemical shift, integration, 
multiplicity (s = singlet, d = doublet, t = triplet, br = broad, m = multiplet, app = 
apparent), and coupling constants (Hz).  Chemical shifts are reported in ppm from 
tetramethylsilane with the natural abundance of deuterium in the solvent as the internal 
reference (CHCl3 in CDCl3: δ 7.26).  13C NMR spectra were recorded on Varian Unity 
INOVA 400 (100 MHz) or 500 (125 MHz) spectrometers with complete proton 
decoupling.  Chemical shifts are reported in ppm from tetramethylsilane with the solvent 
resonance resulting from incomplete deuteration as the internal reference (CDCl3: δ 
77.16, C6D6: δ 128.06).  In the case of coupling to deuterium, the data are reported as 
follows: chemical shift, multiplicity (d = doublet, t = triplet), coupling constants (C-D, 
Hz).  Enantiomer ratios were determined by HPLC (Chiral Technologies Chiralpak OJ-H 
column (4.6 mm x 250 mm)) in comparison with authentic racemic materials.  High-
resolution mass spectrometry was performed on a Micromass LCT ESI-MS (positive 
mode) at the Boston College Mass Spectrometry Facility.  Optical rotation values were 
recorded on a Rudolph Research Analytical Autopol IV polarimeter.  Melting points were 
measured on a Thomas Hoover capillary melting point apparatus and are uncorrected. 
 
Vacuum Pumps:  Edwards RV8 two stage rotary vane pump generates a vacuum of 1.0 
torr at point of connection to the reaction vessel.  KNF Laboport N840.3FTP diaphragm 
vacuum pump generates a vacuum of 7.0 torr at point of connection to the reaction 
vessel. 
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Solvents:  Solvents were purged with argon and purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: diethyl ether (Aldrich), 
and dichloromethane (Aldrich) were passed through activated alumina columns; benzene 
(Aldrich), and pentane38 (J. T. Baker) were passed successively through activated Cu and 
alumina columns.  Tetrahydrofuran (Aldrich) was distilled from sodium benzophenone 
ketyl.  Ethanol (Aldrich) was distilled from Mg/I2.  Anhydrous acetonitrile (Aldrich) was 
used as received.  N,N-Dimethylformamide (Acros; extra dry with molecular sieves) was 
used as received.  Decalin (Aldrich) was distilled from sodium onto activated 4 Å 
molecular sieves. 
 
Metal-based Complexes:  Mo-bis(pyrrolide) complexes A, B and C were prepared 
according to published procedures.39  Mo complexes were handled in an N2-filled dry 
box. 
 
                                                
(38) n-Pentane was allowed to stir over concentrated H2SO4 for three days, washed with water, followed by 
a saturated aqueous solution of NaHCO3, dried over MgSO4, and filtered before use in a solvent 
purification system. 
(39) Singh, R.; Czekelius, C.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. Organometallics 2007, 26, 2528–
2539. 
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Reagents: 
Allyl alcohol was purchased from Aldrich and used as received. 
N-Allylaniline was purchased from Aldrich and distilled from CaH2 prior to use. 
Allyl bromide was purchased from Aldrich and vacuum distilled from CaH2 prior to use. 
Allyl benzene was purchased from Aldrich, sparged with dry N2 and distilled from CaH2 
prior to use. 
N-allyl-tert-butylcarbamate was purchased from Aldrich and purified by silica gel 
chromatography (10% ethyl acetate in hexanes) prior to use. 
d6-Benzene was purchased from Cambridge Isotope Laboratories and distilled from Na 
into activated 4 Å molecular sieves prior to use. 
Benzoyl chloride was purchased from Aldrich and vacuum distilled neat prior to use. 
8-Bromooct-1-ene was purchased from Aldrich and vacuum distilled from CaH2 prior to 
use. 
tert-Butyldimethylsilyl chloride was purchased from Oakwood and used as received. 
n-Butyl lithium (15% in hexanes) was purchased from Strem and titrated with s-butanol 
(1,10-phenanthroline as indicator) prior to use. 
Bis(pinacolato)diboron was purchased from Frontier Scientific, Inc., recrystallized from 
n-pentane, and dried at 60 °C under vacuum prior to use. 
Butyl vinyl ether was purchased from Acros, sparged with dry N2 and distilled from 
CaH2 prior to use. 
Carbon tetrabromide was purchased from Aldrich and used as received. 
Cerotic acid was purchased from TCI and used as received. 
Chapter 4, page 376
  
Copper(I) chloride >99.999% was purchased from Strem and used as received. 
1-Decene was purchased from Aldrich and vacuum distilled from CaH2 prior to use. 
4-(Dimethylamino)pyridine was purchased from Advanced ChemTech and used as 
received. 
4,7-Diphenylphenanthroline was purchased from Aldrich and used as received. 
Di-tert-butyl dicarbonate was purchased from Advanced ChemTech and used as 
received. 
Ethylenediamine was purchased from Aldrich and distilled over CaH2 prior to use. 
1-Hexadecene was purchased from Alfa Aesar and vacuum distilled from CaH2 prior to 
use. 
Hydrogen peroxide 35 wt % aqueous solution was purchased from Aldrich and used as 
received. 
Methanol was purchased from Aldrich and distilled from Mg/I2 prior to use. 
p-Methoxybenzyl chloride was purchased from Aldrich and used as received. 
N-Methyl morpholine N-oxide (NMO) was purchased from Aldrich and used as 
received. 
1-Octadecene was purchased from Aldrich and vacuum distilled from CaH2 prior to use. 
7-Octen-1-ol was purchased from TCI and used as received. 
Osmium tetroxide was purchased as a solid from Aldrich and an aqueous solution was 
prepared from deionized water.  
Palladium trifluoroacetate was purchased from Strem and used as received. 
Palladium hydroxide on carbon was purchased from Aldrich and used as received.  
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(R)-N-Phthaloyl-2-aminobut-3-en-1-ol was synthesized according to a literature 
procedure,40 and can also be purchased from Acros.  
Potassium carbonate was purchased from Fisher and used as received. 
Sodium tert-butoxide was purchased from Strem and used as received. 
Sodium hydride (40% wt/wt suspension in mineral oil) was purchased from Strem and 
used as received. 
Sodium hydroxide was purchased from Fisher and used as received. 
D-2,3,4,6-tetra-O-benzylgalactose (F) was purchased from Aldrich and used as 
received. 
Tetrabutylammonium fluoride 1 M in THF was purchased from Aldrich and used as 
received. 
Triethylamine was purchased from Aldrich and distilled from CaH2 prior to use. 
Trifluoroacetic acid was purchased from Acros and used as received. 
Triisopropylsilyl chloride was purchased from Aldrich and used as received. 
Trimethylsilylacetylene was purchased from TCI and distilled over CaH2 prior to use. 
Triphenylphosphine was purchased from Aldrich and recrystallized from boiling 
hexanes prior to use.  
Vinyl cyclohexane was purchased from Aldrich, sparged with dry N2 and distilled from 
CaH2 prior to use. 
 
 
                                                
(40) Trost, B. M.; Bunt, R. C.; Lemoine, R. C.; Calkins, T. L. J. Am. Chem. Soc. 2000, 122, 5968–5976. 
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Stereoselective in situ-Generation of Monoaryloxide Complexes 4.8, 4.18, and 4.20 
 
General Procedure:  A 4-mL vial containing a magnetic stir bar was charged with Mo 
bis-pyrrolide A (5.70 mg, 10.6 µmol), alcohol D (5.90 mg, 10.6 µmol), and C6D6 (500 
µL) in an N2-filled glovebox.  The vial was tightly capped and the mixture was allowed 
to stir for 1 h, after which it was transferred to a screw-cap NMR tube by a pipette.  The 
NMR tube was tightly capped and sealed with Teflon tape.  For in situ-generated 
complexes, only the diagnostic signals of the α-carbon of the syn-alkylidenes are 
reported.  4.20: 1H NMR (400 MHz, C6D6): δ  13.02 (1H, s), 12.96 (1H, s); d.r. = 1:8.41 
Representative Procedure for in situ-Generation of Complex 4.20:  In an N2-filled 
glovebox, a 4-mL vial containing a magnetic stir bar was charged with Mo bis-pyrrolide 
A (20.0 mg, 37.2 µmol), alcohol D (21.1 mg, 37.2 µmol), and C6H6 (372 µL, 0.10 M); the 
                                                
(41) The diastereomeric ratio (d.r.) was measured by 400 MHz 1H NMR analysis and reflects the ratio of 
syn-alkylidene isomers.  In certain cases, anti-alkylidene isomers can also be detected, usually representing 
<5% of the mixture. 
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mixture became brilliantly orange.  The vial was capped and the solution was allowed to 
stir for 1 h at 22 °C.  The catalyst solution was transferred to the mixture by a syringe 
(dried at 65 °C). 
General Procedure for Catalytic Z-Selective Enol Ether Cross-Metathesis with 
Stereogenic-at-Mo Complexes:  In an N2-filled dry box, a 20-mL vial equipped with a 
magnetic stir bar was charged with substrate.  A separate 2-mL vial was charged with 
enol ether and in situ-generated Mo complex in C6H6.  The resulting solution was allowed 
to mix for approximately 1 min and then transferred to the vial containing the substrate 
by syringe. The resulting solution was allowed to stir for the required period of time.  The 
vessel was removed from the dry box and the reaction quenched by the addition of 
benchtop Et2O (~1 mL).  The mixture was concentrated in vacuo (% conversion and 
diastereoselectivity determined by 400 MHz 1H NMR analysis).  Purification was 
performed by neutral alumina or silica gel chromatography.  Results reported are 
averages of at least two independent runs, and the reactions reported below are 
representative of a single run. 
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 (Z)-(3-Butoxyallyl)benzene (4.19).  Following the general procedure for enol ether CM, 
allyl benzene (50.0 mg, 0.423 mmol) was treated with butyl vinyl ether (424 mg, 4.23 
mmol), 2.5 mol % of in situ-generated complex 4.20 (106 µL, 0.10 M, 10.6 µmol; final 
substrate concentration = 4.0 M), and allowed to stir for 2 h.  The unpurified product is 
98% Z (as determined by 400 MHz 1H NMR analysis).  The resulting brown oil was 
purified by neutral alumina chromatography (100% hexanes) to afford 4.19 (61.3 mg, 
0.322 mmol, 76.0% yield, >98% Z isomer) as a colorless oil.  The physical and spectral 
data were identical to those previously reported for compound 4.19.42  IR (neat):  3028 
(w), 2959 (m), 2933 (m), 2872 (m), 1663 (s), 1495 (m), 1453 (m), 1373 (m), 1253 (m), 
1108 (s); 1H NMR (400 MHz, CDCl3): δ 7.32-7.16 (5H, m), [diagnostic E isomer signal: 
6.37 (1H, dt, J= 16.0, 1.2 Hz)], 6.08 (1H, dt, J= 6.0, 1.6 Hz), 4.57 (1H, td, J= 7.6, 6.2 
Hz), 3.79 (2H, t, J= 6.4 Hz), 3.45 (2H, d, J= 7.6 Hz), 1.69-1.61 (2H, m), 1.49-1.39 (2H, 
m), 0.97 (3H, t, J= 7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 145.7, 142.1, 128.4, 128.4, 
                                                
(42) Kunishima, M.; Nakata, D.; Sakuma, T.; Kono, K.; Sato, S.; Tani, S. Chem. Pharm. Bull. 2001, 49, 
97–100. 
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125.8, 105.4, 72.2, 32.0, 30.4, 19.2, 14.0; HRMS (ESI+) [M+H]+ calcd for C13H19O: 
191.1436, found: 191.1432. 
CM catalyzed by a Mo-complex containing a racemic aryloxide ligand: Following the 
exact same procedure described for the synthesis of 4.19, where the in situ-generated 
complex is formed from racemic alcohol, under the same conditions, after two hours the 
reaction proceeded to 69% conversion (based on internal standard), and the unpurified 
product is 96% Z  (as determined by 400 MHz 1H NMR analysis). 
 
(Z)-1-Butoxydec-1-ene (4.21).  Following the general procedure, 1-decene (50.0 mg, 
0.356 mmol) was treated with butyl vinyl ether (357 mg, 3.56 mmol) and 2.5 mol % of in 
situ-generated complex 4.20 (89.0 µL, 0.10 M, 8.90 µmol; final substrate concentration = 
4.0 M) and allowed to stir for 2 h.  The unpurified product is 98% Z (as determined by 
400 MHz 1H NMR analysis).  The resulting brown oil was purified by neutral alumina 
chromatography (100% hexanes) to afford 4.21 (51.2 mg, 0.241 mmol, 68.0% yield, 98% 
Z isomer) as a colorless oil.  IR (neat): 2958 (s), 2923 (s), 2854 (s), 1664 (s), 1464 (m), 
1375 (m), 1306 (w), 1259 (m), 1102 (s); 1H NMR (400 MHz, CDCl3): δ [diagnostic E 
isomer signal: 6.21 (1H, dt, J= 12.8, 1.2 Hz)], 5.91 (1H, dt, J= 6.4, 1.6 Hz), 4.32 (1H, td, 
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J= 7.2, 6.2 Hz), 3.70 (2H, t, J= 6.4 Hz), 2.06 (2H, tdd, J= 7.2, 7.2, 1.2 Hz), 1.63-1.55 
(2H, m), 1.44-1.21 (14H, m), 0.93 (3H, t, J= 7.6 Hz), 0.88 (3H, t, J= 7.2 Hz); 13C NMR 
(100 MHz, CDCl3): δ 145.0, 107.1, 72.0, 32.1, 32.0, 30.0, 29.6, 29.5, 29.4, 24.1, 22.8, 
19.2, 14.3, 14.0; HRMS (ESI+) [M+H]+ calcd for C14H29O: 213.2218, found: 213.2220. 
 
(Z)-Phenyl 5-butoxypent-4-enoate (4.22).  Following the general procedure, phenyl 
pent-4-enoate (50.0 mg, 0.284 mmol) was treated with butyl vinyl ether (284 mg, 2.84 
mmol) and 2.5 mol % of in situ-generated complex 4.20 (71.0 µL, 0.10 M, 7.09 µmol; 
final substrate concentration = 4.0 M) and allowed to stir for 2 h.  The unpurified product 
is 98% Z (as determined by 400 MHz 1H NMR analysis).  The resulting oil was purified 
by silica gel chromatography (50:1 hexanes:Et2O) to afford 4.22 (55.6 mg, 0.224 mmol, 
79.0% yield, >98% Z isomer) as a colorless oil.  IR (neat): 3040 (w), 2959 (m), 2933 (m), 
2872 (m), 1759 (s), 1663 (m), 1594 (m), 1493 (m), 1374 (m), 1359 (m), 1272 (m), 1227 
(m), 1195 (s), 1162 (s), 1130 (s), 1102 (s), 1072 (m); 1H NMR (400 MHz, CDCl3): 
δ 7.40-7.34 (2H, m), 7.25-7.19 (1H, m), 7.11-7.07 (2H, m), [diagnostic E isomer signal: 
6.37 (1H, d, J= 12.8 Hz)], 6.02 (1H, dt, J= 6.0, 1.2 Hz), 4.43 (1H, td, J= 6.8, 6.4 Hz), 
3.75 (2H, t, J= 6.4 Hz), 2.66-2.60 (2H, m), 2.56-2.49 (2H, m), 1.65-1.57 (2H, m), 1.46-
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1.35 (2H, m), 0.94 (3H, t, J= 7.4 Hz); 13C NMR (100 MHz, CDCl3): δ 172.0, 150.9, 
146.4, 129.4, 125.7, 121.7, 103.8, 72.2, 34.7, 32.0, 19.9, 19.1, 13.9; HRMS (ESI+) 
[M+H]+ calcd for C15H21O3: 249.1491, found: 249.1500. 
 
(Z)-((3-Butoxyallyl)oxy)triisopropylsilane (4.23).  Following the general procedure, 
(allyloxy)triisopropylsilane (50.0 mg, 0.233 mmol) was treated with butyl vinyl ether 
(234 mg, 2.33 mmol) and 2.5 mol % of in situ-generated complex 4.20 (58.0 µL, 0.10 M, 
5.83 µmol; final substrate concentration = 4.0 M) and allowed to stir for 2 h.  The 
unpurified product is 94.5% Z (as determined by 400 MHz 1H NMR analysis).  The 
resulting oil was purified by neutral alumina chromatography (100% hexanes) to afford 
4.23 (50.3 mg, 0.176 mmol, 76.0% yield, 95.5% Z isomer) as a colorless oil.  IR (neat): 
2958 (s), 2941 (s), 2865 (s), 1665 (s), 1463 (m), 1381 (m), 1246 (m), 1087 (s), 1061 (s), 
1013 (m), 995 (m); 1H NMR (400 MHz, CDCl3): δ [diagnostic E isomer signal: 6.46 (1H, 
d, J= 12.8 Hz)], 5.95 (1H, dt, J= 6.0, 1.4 Hz), 4.57 (1H, dt, J= 6.4, 6.4 Hz), 4.35 (2H, dd, 
J= 6.4, 1.2 Hz), 3.73 (2H, t, J= 6.6 Hz), 1.63-1.54 (2H, m), 1.43-1.33 (2H, m), 1.16-1.01 
(21H, m), 0.92 (3H, t, J= 7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 145.5, 106.9, 72.4, 
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57.3, 32.0, 19.1, 18.2, 13.9, 12.2; HRMS (ESI+) [M+Na]+ calcd for C16H34O2Na: 
309.2226, found: 309.2219. 
 
(Z)-N-(3-Butoxyallyl)aniline (4.24).  Following the general procedure, N-allylaniline 
(50.0 mg, 0.375 mmol) was treated with butyl vinyl ether (376 mg, 3.75 mmol) and 5 mol 
% of in situ-generated complex 4.20 (188 µL, 0.10 M, 18.7 µmol; final substrate 
concentration = 2.0 M) and allowed to stir for 4 h.  The unpurified product is 96% Z (as 
determined by 400 MHz 1H NMR analysis).  The resulting oil was purified by silica gel 
chromatography (50:1 hexanes:Et2O) to afford 4.24 (40.2 mg, 0.196 mmol, 52.0% yield, 
96% Z isomer) as a light yellow oil.  IR (neat):  3410 (br), 3048 (w), 2958 (m), 2932 (m), 
2871 (m), 1660 (m), 1601 (s), 1503 (s), 1467 (m), 1431 (w), 1375 (m), 1314 (m), 1250 
(m), 1108 (s), 1094 (s), 1040 (m), 745 (s), 691 (s); 1H NMR (400 MHz, CDCl3): δ 7.19-
7.14 (2H, m), 6.72-6.67 (1H, m), 6.66-6.62 (2H, m), [diagnostic E isomer signal: 6.51 
(1H, d, J= 12.8 Hz)], 6.08 (1H, dt, J= 6.4, 1.4 Hz), 4.51 (1H, td, J= 6.6, 6.4 Hz), 3.82-
3.74 (1H, m), 3.81 (2H, dd, J= 6.8, 1.2 Hz), 3.79 (2H, t, J= 6.4 Hz), 1.67-1.59 (2H, m), 
1.47-1.37 (2H, m), 0.95 (3H, t, J= 7.4 Hz); 13C NMR (100 MHz, CDCl3): δ 148.5, 147.4, 
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129.3, 117.4, 113.2, 103.5, 72.6, 38.6, 32.0, 19.2, 14.0; HRMS (ESI+) [M+H]+ calcd for 
C13H20NO: 206.1545, found: 206.1541. 
 
(Z)-1-Methoxy-4-((3-phenylprop-1-en-1-yl)oxy)benzene (4.25).  Following the general 
procedure, allyl benzene (50.0 mg, 0.423 mmol) was treated with p-methoxyphenyl vinyl 
ether (127 mg, 8.46 mmol) and 1.2 mol % of in situ-generated complex 4.20 (51.0 µL, 
0.10 M, 5.08 µmol; final substrate concentration = 8.3 M) and allowed to stir for 16 h.  
The unpurified product is >98% Z (as determined by 400 MHz 1H NMR analysis).  
Excess p-methoxyphenyl vinyl ether was removed by vacuum distillation (1.0 torr, 80 
°C).  The resulting oil was purified by neutral alumina chromatography (100% hexanes to 
100:1 hexanes:Et2O) to afford 4.25 (56.8 mg, 0.236 mmol, 56.0% yield, >98% Z isomer) 
as a colorless oil.  IR (neat): 3027 (w), 3000 (w), 2950 (w), 2908 (w), 2834 (w), 1664 
(m), 1502 (s), 1464 (m), 1453 (m), 1441 (m), 1384 (m), 1212 (s), 1179 (m), 1088 (m), 
1064 (m), 1034 (m), 989 (m); 1H NMR (400 MHz, CDCl3): δ 7.33-7.25 (4H, m), 7.24-
7.18 (1H, m), 7.01-6.95 (2H, m), 6.89-6.84 (2H, m), 6.42 (1H, dt, J= 6.0, 1.6 Hz), 4.96 
(1H, td, J= 7.6, 6.0 Hz), 3.80 (3H, s), 3.58 (2H, dd, J= 7.6, 1.2 Hz); 13C NMR (100 MHz, 
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CDCl3): δ 155.4, 151.7, 141.9, 141.2, 128.6, 128.5, 126.0, 117.6, 114.8, 110.6, 55.9, 
30.4; HRMS (ESI+) [M+NH4]+ calcd for C16H20NO2: 258.1494, found: 258.1491. 
 
(Z)-1-((8-Bromooct-1-en-1-yl)oxy)-4-methoxybenzene (4.26).  Following the general 
procedure, 8-bromooct-1-ene (50.0 mg, 0.262 mmol) was treated with p-methoxyphenyl 
vinyl ether (79.0 mg, 0.523 mmol) and 1.2 mol % of in situ-generated complex 4.20 (31.0 
µL, 0.10 M, 3.14 µmol; final substrate concentration = 8.45 M) and allowed to stir for 16 
h.  The unpurified product is >98% Z (as determined by 400 MHz 1H NMR analysis).  
Excess p-methoxyphenyl vinyl ether was removed by vacuum distillation (1.0 torr, 80 
°C).  The resulting oil was purified by neutral alumina chromatography (100% hexanes to 
100:1 hexanes:Et2O) to afford 4.26 (56.9 mg, 0.182 mmol, 69.0% yield, >98% Z isomer) 
as a colorless oil.  IR (neat): 2924 (s), 2854 (m), 1665 (m), 1503 (s), 1463 (m), 1441 (m), 
1389 (w), 1214 (s), 1180 (m), 1102 (m), 1040 (s); 1H NMR (400 MHz, CDCl3): δ 6.95-
6.90 (2H, m), 6.86-6.82 (2H, m), 6.28 (1H, dt, J= 6.0, 1.5 Hz), 4.73 (1H, td, J= 7.4, 6.0 
Hz), 3.78 (3H, s), 3.40 (2H, t, J= 7.0 Hz), 2.24-2.17 (2H, m), 1.90-1.81 (2H, m), 1.49-
1.32 (6H, m); 13C NMR (100 MHz, CDCl3): δ 155.2, 151.8, 141.4, 117.5, 114.8, 112.0, 
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55.8, 34.1, 33.0, 29.4, 28.4, 28.1, 23.9; HRMS (ESI+) [M+H]+ calcd for C15H22BrO2: 
313.0803, found: 313.0800. 
 
(Z)-(10-(4-Methoxyphenoxy)dec-9-en-1-ynyl)trimethylsilane (4.27).  Following the 
general procedure, dec-9-en-1-ynyltrimethylsilane (50.0 mg, 0.240 mmol) was treated 
with p-methoxyphenyl vinyl ether (360 mg, 2.40 mmol) and 5 mol % of in situ-generated 
complex 4.20 (120 µL, 0.10 M, 12.0 µmol; final substrate concentration = 2.0 M) and 
allowed to stir for 16 h. The unpurified product is >98% Z (as determined by 400 MHz 
1H NMR analysis). Excess p-methoxyphenyl vinyl ether was removed by vacuum 
distillation (1.0 torr, 80 °C).  The resulting oil was purified by neutral alumina 
chromatography (100% hexanes to 100:1 hexanes:Et2O) to afford 4.27 (46.6 mg, 0.141 
mmol, 59.0% yield, >98% Z isomer) as a colorless oil.  IR (neat): 2931 (m), 2856 (m), 
2173 (m), 1665 (m), 1504 (s), 1464 (m), 1442 (m), 1390 (m), 1247 (s), 1215 (s), 1180 
(m), 1104 (m), 1048 (s); 1H NMR (400 MHz, CDCl3): δ 6.95-6.90 (2H, m), 6.86-6.81 
(2H, m), 6.28 (1H, dt, J= 6.0, 1.4 Hz), 4.74 (1H, td, J= 7.2, 6.2 Hz), 3.78 (3H, s), 2.24-
2.17 (4H, m), 1.56-1.47 (2H, m), 1.46-1.30 (6H, m), 0.15 (9H, s); 13C NMR (100 MHz, 
CDCl3): δ 155.2, 151.8, 141.3, 117.5, 114.7, 112.2, 107.9, 84.4, 55.8, 29.5, 28.8, 28.8, 
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28.8, 24.0, 20.0, 0.3; HRMS (ESI+) [M+H]+ calcd for C20H31O2Si: 331.2093, found: 
331.2106. 
 
(Z)-1-((2-Cyclohexylvinyl)oxy)-4-methoxybenzene (4.28).  Following the general 
procedure, vinylcyclohexane (20.0 mg, 0.182 mmol) was treated with p-methoxyphenyl 
vinyl ether (55.0 mg, 0.363 mmol) and 5 mol % of in situ-generated complex 4.20 (91.0 
µL, 0.10 M, 9.08 µmol; final substrate concentration = 2.0 M) and allowed to stir for 24 
h.  The unpurified product is >98% Z (as determined by 400 MHz 1H NMR analysis).  
Excess p-methoxyphenyl vinyl ether was removed by vacuum distillation (1.0 torr, 80 
°C).  The resulting oil was purified by neutral alumina chromatography (50:1 
hexanes:Et2O) to afford 4.28 (31.8 mg, 0.137 mmol, 75.0% yield, >98% Z isomer) as a 
colorless oil.  IR (neat): 2925 (m), 2850 (m), 1664 (w), 1505 (s), 1465 (w), 1447 (w), 
1392 (w), 1293 (w), 1244 (m), 1224 (s), 1180 (w), 1102 (w), 1040 (m); 1H NMR (400 
MHz, CDCl3): δ 6.95-6.91 (2H, m), 6.86-6.82 (2H, m), 6.17 (1H, dd, J= 6.4, 1.2 Hz), 
4.63 (1H, d, J= 9.2, 6.0 Hz), 3.78 Hz (3H, s), 2.65-2.54 (1H, m), 1.78-1.60 (5H, m), 1.39-
1.06 (5H, m); 13C NMR (100 MHz, CDCl3): δ 155.2, 151.9, 139.8, 118.6, 117.5, 114.8, 
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55.9, 33.6, 33.5, 26.3, 26.1; HRMS (ESI+) [M+H]+ calcd for C15H21O2: 233.1542, found: 
233.1542. 
 
Triisopropyl(3-(vinyloxy)prop-1-yn-1-yl)silane (4.30).43  A 100-mL round-bottom flask 
equipped with stir bar was charged with palladium trifluoroacetate (16.0 mg, 47.1 µmol), 
4,7-diphenylphenanthroline (16.0 mg, 47.1 µmol), and butyl vinyl ether (23.1 mL, 188 
mmol).  3-(Triisopropylsilyl)prop-2-yn-1-ol44 (2.00 g, 9.42 mmol) and triethylamine (982 
µL, 7.06 mmol) were added to the yellow solution.  The flask was fitted with a reflux 
condenser and allowed to stir at 75 °C for 16 h.  The Pd catalyst was removed by passing 
the reaction mixture through a short (~ 2.5 cm) plug of celite and activated charcoal.  The 
resulting unpurified oil was purified by silica gel chromatography (100:1 hexanes:Et3N) 
to afford 4.30 (1.75 g, 7.34 mmol, 78.0% yield) as a colorless oil.  IR (Neat): 2944 (s), 
2893 (m), 2866 (s), 1639 (m), 1617 (m), 1464 (m), 1368 (m), 1355 (m), 1318 (m), 1189 
(s), 1152 (m), 1067 (m), 1054 (m), 1030 (m), 1017 (m); 1H NMR (400 MHz, CDCl3): 
δ 6.46 (1H, dd, J= 14.4, 6.8 Hz), 4.42 (2H, s), 4.33 (1H, dd, J= 14.0, 2.4 Hz), 4.13 (1H, 
dd, J= 6.8, 2.0 Hz), 1.08-1.06 (21H, m); 13C NMR (100 MHz, CDCl3): δ 150.4, 101.8, 
                                                
(43) For Pd–catalyzed vinyl ether formation from primary, secondary, and tertiary alcohols, see: Bosch, M.; 
Schlaf, M. J. Org. Chem. 2003, 68, 5225–5227. 
(44) Mukherjee, S.; Kontokosta, D.; Patil, A.; Rallapalli, S.; Lee, D. J. Org. Chem. 2009, 74, 9206–9209. 
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88.9, 88.5, 56.8, 18.7, 11.3; HRMS (ESI+) [M+H]+ calcd for C14H27OSi: 239.1831, found: 
239.1830. 
 (Z)-1-(prop-2-yn-1-yloxy)octadec-1-ene (4.32).  In an N2-filled dry box, a 20-mL vial 
equipped with a magnetic stir bar was charged with substrate 4.30 (50.0 mg, 0.210 
mmol), and 2.5 mol % of in situ-generated complex 4.20 (52.0 µL, 0.10 M, 5.24 µmol; 
final substrate concentration = 4.0 M).  A separate 2-mL vial was charged with 1-
octadecene (106 mg, 0.419 mmol) and decalin (106 µL).  The resulting solution was 
transferred to substrate 4.30 and catalyst by syringe, a septum, fitted with an outlet 
needle, was quickly attached to the vial and an adapter was attached to the top of the 
septum and vacuum (~1.0 torr) applied.  The resulting solution was allowed to stir for 2 
h.  The reaction vessel was removed from the dry box and the reaction quenched by the 
addition of benchtop Et2O (~1 mL).  The unpurified product 4.31 is 98% Z (as 
determined by 400 MHz 1H NMR analysis). 
 The unpurified residue was dissolved in Et2O and passed through a 2.5 cm plug of 
neutral alumina to remove inorganic salts. The solution was then concentrated.  In a 25-
mL round-bottom flask equipped with a stir bar, the resulting residue was treated with 
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TBAF (1.0 M in thf, 1.05 mL, 1.05 mmol), and allowed to stir for 2 h.  The solution was 
diluted with Et2O (~10 mL), passed through a 5 cm plug of neutral alumina, and 
concentrated.  The resulting white solid was purified by chromatography on neutral 
alumina (100% hexanes) to afford 4.32 (53.7 mg, 0.175 mmol, 84.0% yield, >98% Z 
isomer) as a white solid.  M.p. 30-31 °C; IR (neat):  3311 (w), 2923 (s), 2853 (s), 1666 
(w), 1466 (w), 1358 (w), 1278 (w), 1098 (m), 723 (w), 667 (w), 631 (w); 1H NMR (400 
MHz, CDCl3): δ 6.02 (1H, dt, J= 6.4, 1.4 Hz), 4.50 (1H, td, J= 7.6, 6.3 Hz), 4.35 (2H, d, 
J= 2.4 Hz), 2.46 (1H, t, J= 2.6 Hz), 2.11-2.04 (2H, m), 1.38-1.19 (28H, m), 0.88 (3H, t, 
J= 7.0 Hz); 13C NMR (100 MHz, CDCl3): δ 143.1, 109.8, 79.3, 74.9, 58.9, 32.1, 29.9, 
29.8, 29.8, 29.7, 29.5, 29.4, 24.1, 22.8, 14.3; HRMS (ESI+) [M+H]+ calcd for C21H39O: 
307.3001, found: 307.3000. 
 
Gram Scale Cross-Metathesis of 4.30 with 1.0 mol % Mo Catalyst.  Following the 
exact same procedure described above, substrate 4.30 (1.00 g, 4.19 mmol) was treated 
with 1-octadecene (2.12 g, 8.39 mmol), decalin (2.10 mL), and 1.0 mol % of in situ-
generated complex 4.20 (419 µL, 0.10 M, 41.9 µmol; final substrate concentration = 1.7 
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M), and allowed to stir for 3 h under vacuum (1.0 torr). The unpurified product is >98% 
Z (as determined by 400 MHz 1H NMR analysis). Treatment with TBAF and purification 
on neutral alumina afforded compound 4.32 (0.914 g, 2.98 mmol, 71.0% yield, >98% Z 
isomer) as a white solid.  The physical and spectral data were identical to those 
previously reported for enyne 4.32, detailed above. 
 
 (R,Z)-3-(Octadec-1-en-1-yloxy)propane-1,2-diol (4.33).45,46  In an N2-filled glovebox an 
oven-dried (135 °C) 25-mL round-bottom flask equipped with stir bar was charged with 
CuCl (2.00 mg, 20.4 µmol), chiral imidazolinium salt (11.8 mg, 20.4 µmol),28 sodium 
tert-butoxide (15.7 mg, 0.163 mmol), thf (2.0 mL), and the mixture allowed to stir for 20 
min.  Bis(pinacolato) diboron was added to the solution (solution turns brown), and the 
mixture allowed to stir for 20 min.  The solution was allowed to cool to 0 °C, after which 
a solution of enyne 4.32 (250 mg, 0.816 mmol) in thf (2.0 mL) and MeOH (99.0 µL, 2.45 
mmol) were added over a period of one minute, and the mixture was allowed to stir for 
24 h at 0 °C.  The resulting solution was diluted with ethyl acetate (~10 mL) and passed 
                                                
(45) Qin, D.; Byun, H.-S.; Bittman, R. J. Am. Chem. Soc. 1999, 121, 662–668.  
(46) For Cu–catalyzed enantioselective dihydroboration of alkynes, see: Lee, Y.; Jang, H.; Hoveyda, A. H. 
J. Am. Chem. Soc. 2009, 131, 18234–18235. 
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through a 2.5 cm plug of silica gel, and the volatiles were removed in vacuo.  The 
resulting oil was dissolved in thf (2.0 mL), allowed to cool to 0 °C, and treated with an 
aqueous solution of H2O2 [H2O (2.0 mL), NaOH (326 mg, 8.156 mmol), and H2O2 (35 wt 
% solution in H2O, 396 µL, 4.08 mmol)].  The biphasic mixture was allowed to warm to 
22 °C over 30 min and stir for 1 h.  The mixture was diluted with EtOAc (5 mL) and the 
organic layer separated.  The aqueous layer was washed with EtOAc (3 x 10 mL).  The 
combined organic layers were dried over K2CO3, filtered, and concentrated.  The 
resulting brown oil was purified by silica gel chromatography (5:1 hexanes:EtOAc) to 
afford 4.33 (178 mg, 0.520 mmol, 64.0% yield) as a white solid.  M.p. 55-56 °C; IR 
(neat): 3326 (br), 2954 (s), 2917 (s), 2849 (s), 1663 (w), 1464 (w), 1378 (w), 1280 (w), 
1150 (w), 1111 (w), 1055 (w); 1H NMR (400 MHz, CDCl3): δ 5.94 (1H, dt, J= 6.4, 1.3 
Hz), 4.41 (1H, td, J= 7.2, 6.4 Hz), 3.96-3.89 (1H, m), 3.83-3.72 (3H, m), 3.69-3.62 (1H, 
m), 2.46 (1H, d, J= 4.4 Hz), 2.09-1.96 (3H, m), 1.38-1.13 (28H, m), 0.88 (3H, t, J= 6.8 
Hz); 13C NMR (100 MHz, CDCl3): δ 144.6, 108.5, 73.4, 70.7, 63.8, 32.1, 29.9, 29.8, 29.7, 
29.5, 29.5, 24.1, 22.8, 14.3; HRMS (ESI+) [M+H]+ calcd for C21H43O3: 343.3212, found: 
343.3219; 20][ Dα  +1.39 (c 2.23 CHCl3) for a sample of 98:2 er [S enantiomer Lit.45 20][ Dα  -
1.65 (c 4.10, CHCl3)]. 
The enantiomeric purity of 4.33 (98:2 e.r.) was determined by acylation to the 
corresponding bisbenzoate E (see below), and HPLC analysis in comparison with 
authentic racemic material. The absolute stereochemistry was determined through 
comparison to (R)-4.33 synthesized by Bittman et al.45 
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(S,Z)-3-(Octadec-1-en-1-yloxy)propane-1,2-diyl dibenzoate (E).  A 5-mL round-
bottom flask equipped with stir bar was charged with substrate 4.33 (20.0 mg, 0.0584 
mmol), Et3N (24.4 µL, 0.175 mmol), CH2Cl2 (584 µL), and was allowed to cool to 0 °C.  
Benzoyl chloride (14.9 µL, 0.128 mmol) was added slowly over 1 minute.  The mixture 
was allowed to stir for 1 h at 0 °C, then 1 h at 22 °C, and was then diluted with a 
saturated aqueous solution of sodium bicarbonate (2 mL), and EtOAc (5 mL).  The 
organic layer was separated and the aqueous layer washed with EtOAc (2 x 5 mL).  The 
combined organic layers were dried over anhydrous K2CO3, filtered, and concentrated.  
The resulting brown residue was purified by chromatography on silica gel (10:1 
hexanes:EtOAc) to afford E (29.7 mg, 0.0539 mmol, 92.0% yield, >98% Z isomer) as a 
colorless oil.  IR (Neat): 2922 (s), 2852 (s), 1723 (s), 1665 (w), 1602 (w), 1452 (m), 1378 
(w), 1315 (m), 1259 (s), 1176 (m), 1106 (s), 1067 (m), 1026 (m); 1H NMR (400 MHz, 
CDCl3): δ 8.08-8.00 (4H, m), 7.59-7.53 (2H, m), 7.47-7.39 (4H, m), 5.98 (1H, dt, J= 6.4, 
1.4 Hz), 5.63-5.58 (1H, m), 4.70 (1H, dd, J= 12.0, 4.0 Hz), 4.61 (1H, dd, J= 12.0, 6.4 
Hz), 4.42 (1H, td, J= 7.2, 6.4 Hz), 4.10 (1H, dd, J= 11.2, 5.2 Hz), 4.06 (1H, dd, J= 11.2, 
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5.2 Hz), 2.09-2.01 (2H, m), 1.35-1.16 (28H, m), 0.88 (3H, t, J= 6.8 Hz); 13C NMR (100 
MHz, CDCl3): δ 166.3, 165.9, 144.7, 133.4, 133.3, 130.0, 129.8, 129.8 128.6, 128.5, 
108.8, 71.0, 70.1, 63.2, 32.1, 29.9, 29.8, 29.7, 29.5, 29.4, 24.0, 22.8, 14.3, 14.3; HRMS 
(ESI+) [M+Na]+ calcd for C35H50O5Na: 573.3556, found: 573.3541; 20][ Dα  +5.79 (c 1.49 
CHCl3) for a sample of 98:2 er.  The enantiomeric purity of E (98:2 e.r.) was determined 
by HPLC analysis (Chiralpak OJ(H), 100% hexanes, 0.5 mL/min, 254 nm) in comparison 
with authentic racemic material. 
 
 
Peak #  Ret. Time  Area  Height  Area%  Height% 
1  36.134  6460990  39509  49.199  63.115 
2  51.792  6671353  23089  50.801  36.885 
Chapter 4, page 396
  
 
Peak #  Ret. Time  Area  Height  Area%  Height% 
1  34.924  56882626  312871  98.130  98.818 
2  53.520  1083986  3742  1.870  1.182 
 
Dec-9-en-1-ynyltrimethylsilane.  A 250-mL round-bottom flask equipped with a stir bar 
and a water-jacketed reflux condenser was charged with trimethylsilylacetylene (6.00 
mL, 42.0 mmol).  Tetrahydrofuran (50 mL) was added, and the mixture was allowed to 
cool to 0 °C (ice-bath).  n-Butyllithium (29.0 mL, 42.0 mmol, 1.46 M solution in 
hexanes)  was added dropwise by a syringe, and the ice-bath was removed following the 
addition.  The mixture was allowed to warm to 22 °C as it stirred for 1 h, at which point 
8-bromo-1-octene (3.50 mL, 21.0 mmol) was added, and the mixture was allowed to 
reflux for 12 h.  The mixture was allowed to cool to 0 °C, quenched by addition of 50 mL 
water, washed with CH2Cl2 (5 x 50 mL).  The combined organic layers were washed in 
brine (1 x 50 mL), dried over MgSO4, filtered, and concentrated in vacuo. The resulting 
brown oil was filtered through a plug of silica gel (eluted in pentane), the filtrate was 
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concentrated and the resulting brown oil distilled under vacuum (1.0 torr).  The resulting 
yellow oil was re-distilled under vacuum (1.0 torr) to afford dec-9-en-1-
ynyltrimethylsilane (0.700 g, 3.40 mmol, 14.0% yield) as a colorless oil.  IR (neat): 3078 
(w), 2929 (m), 2857 (w), 2175 (m), 1641 (w), 1461 (w), 1325 (w), 1248 (m), 1032 (w), 
994 (w), 910 (m), 837 (s), 758 (s), 725 (w), 697 (w), 638 (m), 575 (w), 450 (w); 1H NMR 
(400 MHz, CDCl3): δ 5.86-5.76 (1H, m), 4.99 (1H, dd, J= 17.2, 2.0 Hz), 4.93 (1H, dd, J= 
10.0, 0.8 Hz), 2.21 (2H, t, J= 7.2 Hz), 2.05 (2H, app q, J= 7.1 Hz), 1.55-1.48 (2H, m), 
1.40-1.28 (6H, m), 0.14 (9H, s); 13C NMR (100 MHz, CDCl3): 
δ 139.2, 114.4, 107.8, 84.4, 33.9, 28.9, 28.8, 28.7, 28.7, 20.0, 0.3; HRMS (ESI+) [M+H]+ 
calcd for C13H25Si: 209.1726, found: 209.1719. 
1-Methoxy-4-((oct-7-en-1-yloxy)methyl)benzene.  A 250 mL round-bottom flask 
equipped with stir bar was charged with 7-octen-1-ol (1.20 mL, 7.80 mmol).  Anhydrous 
dmf (60 mL) was added, and the solution was allowed to cool to 0 °C (ice-bath).  Sodium 
hydride (2.40 g, 40.0 mmol) was added in portions, and the mixture was allowed to stir 
until gas evolution ceased.  p-Methoxybenzyl chloride (2.1 mL, 16 mmol) was added by 
a syringe and the mixture was allowed to stir for 24 h.  The reaction was quenched by 
addition of a saturated aqueous solution of sodium bicarbonate (100 mL), and washed 
with ethyl acetate (5 x 100 mL).  The combined organic layers were washed with water 
(3 x 100 mL) to remove dmf, further washed in brine (1 x 50 mL), dried over MgSO4, 
filtered, and concentrated in vacuo.  The resulting yellow oil was purified by silica gel 
chromatography (96:4 hexanes:EtOAc), delivering 1-methoxy-4-((oct-7-en-1-
yloxy)methyl)benzene (946 mg, 3.81 mmol, 49.0% yield) as a colorless oil.  IR (neat): 
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3074 (w), 2998 (m), 2929 (m), 2854 (w), 1640 (m), 1613 (w), 1586 (w), 1511 (m), 1463 
(m), 1441 (w), 1361 (w), 1301 (m), 1245 (s), 1208 (w), 1172 (m), 1095 (s), 1036 (s), 995 
(w), 909 (m), 819 (s), 755 (w), 727 (w), 707 (w), 637 (w), 571 (w), 513 (w), 418 (w); 1H 
NMR (400 MHz, CDCl3): δ 7.25 (2H, d, J= 8.8 Hz), 6.87 (2H, d, J= 8.4 Hz), 5.80 (1H, 
m), 4.98 (1H, dd, J= 17.2, 2.0 Hz), 4.92 (1H, dd, J= 10.0, 2.4 Hz), 4.42 (2H, s), 3.79 (3H, 
s), 3.43 (2H, t, J= 6.6 Hz), 2.03 (2H, app q, J= 6.9 Hz), 1.63-1.56 (2H, m), 1.41-1.27 (6H, 
m); 13C NMR (100 MHz, CDCl3): 
δ 159.2, 139.2, 130.9, 129.3, 114.3, 113.8, 72.6, 70.3, 55.3, 33.8, 29.8, 29.1, 29.0, 26.2; 
HRMS (ESI+) [M+NH4]+ calcd for C16H28NO2: 266.2120, found: 266.2130. 
(R)-2-(1-((tert-butyldimethylsilyl)oxy)but-3-en-2-yl)isoindoline-1,3-dione (R-4.34).  A 
50-mL round-bottom flask equipped with stir bar was charged with (R)-N-phthaloyl-2-
aminobut-3-en-1-ol (1.49 g, 6.88 mmol) and imidazole (720 mg, 10.6 mmol).  A separate 
oven-dried 50-mL flask equipped with a stir bar was charged with tert-butyldimethylsilyl 
chloride (2.20 g, 14.6 mmol) and anhydrous dmf (15 mL); the mixture was allowed to stir 
until all solids were dissolved.  The solution of silyl chloride was transferred by syringe 
to the alcohol and imidazole.  The resulting mixture was allowed to stir for 48 h at 22 °C.  
The reaction was quenched by addition of water (50 mL) and washed with ethyl acetate 
(5 x 50 mL).  The combined organic layers were washed with H2O (3 x 100 mL) to 
remove residual dmf, further washed with brine (1 x 50 mL), dried over MgSO4, filtered, 
and concentrated in vacuo.  The resulting yellow oil was purified by silica gel 
chromatography (95:5 hexanes:EtOAc) to afford R-4.34 (1.89 g, 5.71 mmol, 83.0% 
yield) as a colorless oil.  Upon azeotropic drying with anhydrous benzene R-4.34 was 
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obtained as a white crystalline solid.  M.p. 39-40 °C; IR (neat): 2953 (w), 2931 (w), 2857 
(w), 1769 (w), 1704 (s), 1612 (w), 1595 (w), 1466 (m), 1425 (w), 1386 (s), 1361 (s), 
1335 (w), 1292 (w), 1256 (m), 1188 (w), 1173 (w), 1102 (s), 1067 (w), 1029 (w), 1005 
(w), 938 (m), 887 (w), 836 (s), 796 (w), 774 (m), 723 (w), 715 (s), 699 (w), 673 (m), 611 
(w), 531 (m), 417 (w); 1H NMR (400 MHz, CDCl3): δ 7.83 (2H, dd, J= 5.2, 3.2 Hz), 7.70 
(2H, dd, J= 5.4, 3.0 Hz), 6.17 (1H, ddd, J= 17.2, 10.4, 7.2 Hz), 5.30 (1H, d, J= 17.2 Hz), 
5.24 (1H, dd, J= 10.4, 0.8 Hz), 4.93-4.87 (1H, m), 4.15 (1H, t, J= 9.8 Hz), 3.85 (1H, dd, 
J= 10.0, 6.0 Hz), 0.74 (9H, s), -0.01 (3H, s), -0.08 (3H, s); 13C NMR (100 MHz, CDCl3): 
δ 168.4, 134.0, 132.4, 132.1, 123.2, 119.1, 62.3, 56.0, 25.7, 18.1, −5.3, −5.5; HRMS 
(ESI+) [M+H]+ calcd for C18H26NO3Si: 332.1682, found: 332.1680; 20][ D! +13.4 (c 0.730, 
CDCl3) for a sample of 98:2 e.r.  The enantiomeric purity of starting alcohol (R)-N-
Phthaloyl-2-aminobut-3-en-1-ol (98:2 e.r.) was determined by HPLC analysis (Chiralpak 
AS(H), 95:5 hexanes: isopropanol, 0.5 mL/min, 254 nm) in comparison with authentic 
racemic material. 
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Phenyl pent-4-enoate.  A 250-mL round-bottom flask equipped with a stir bar was 
charged with 4-pentenoic acid (5.10 mL, 50.0 mmol) and CH2Cl2 (40 mL), followed by 
thionyl chloride (4.00 mL, 55.0 mmol).  The mixture was allowed to stir for 30 min, at 
which point phenol (9.45 g, 100 mmol) was added as a solution in CH2Cl2 (10 mL).  The 
mixture was allowed to cool to 0 °C (ice-bath), and triethylamine (28 mL, 200 mmol) 
was added dropwise by a syringe over 5 min (N.B., strong exotherm).  The resulting 
solution was allowed to stir for 12 h at 22 °C.  The reaction was quenched by addition of 
a saturated aqueous solution of NaHCO3 (100 mL).  The organic layer was separated, and 
the aqueous layer washed with CH2Cl2 (5 x 50 mL).  The combined organic layers were 
washed with water (1 x 50 mL), brine (1 x 50 mL), dried over MgSO4, filtered, and 
concentrated in vacuo.  The resulting oil was purified by silica gel chromatography (95:5 
hexanes:EtOAc) to deliver a colorless oil.  The oil was distilled from CaH2 under reduced 
pressure (1.0 torr) to afford phenyl(4-pentenoate) (2.58 g, 14.6 mmol, 29.0% yield) as a 
colorless oil.  Spectral data matched those reported in the literature.47 
■  General Procedure for Catalytic Z-Selective Cross-Metathesis of Allylic Amides 
with Stereogenic-at-Mo Complexes:  In an N2-filled dry box, a 4-mL vial equipped with 
a magnetic stir bar was charged with allylic amide and in situ-generated Mo complex in 
C6H6.  The second cross partner was then added by a syringe, and a septum, fitted with an 
outlet needle, was quickly attached to the vial.  An adapter was attached to the top of the 
septum, and vacuum (7.0 torr) was applied.  The resulting solution was allowed to stir 
under vacuum for the required period of time.  The reaction vessel was removed from the 
                                                
(47) Godineau, E. Landais, Y. J. Am. Chem. Soc. 2007, 129, 12662–12663. 
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dry box and the reaction was quenched by addition of benchtop Et2O (~1 mL). The 
mixture was concentrated in vacuo (% conversion and diastereoselectivity determined by 
400 MHz 1H NMR analysis).  Purification was performed by silica gel chromatography.  
Results reported in the paper are averages of at least two independent runs, and the 
reactions reported below are representative of a single run. 
 
(R,Z)-2-(1-((tert-Butyldimethylsilyl)oxy)octadec-3-en-2-yl)isoindoline-1,3-dione 
(4.35). Following the allylic amide CM general procedure, phthalimide 4.34 (19.0 mg, 
0.0574 mmol) was treated with 1-hexadecene (49.0 µL, 0.171 mmol), 3.0 mol % of in 
situ-generated complex 4.8 (86.0 µL, 0.02 M, 1.72 µmol), and allowed to stir under 
vacuum for 5 h. The unpurified product is 97% Z (as determined by 400 MHz 1H NMR 
analysis).   The resulting brown oil was purified by silica gel chromatography (98:2 
hexanes:EtOAc) to afford Z-4.35 (27.4 mg, 0.0520 mmol, 89.0% yield, 96% Z isomer) as 
a colorless oil.  Z-4.35: IR (neat): 2924 (s), 2853 (m), 1774 (w), 1713 (s), 1467 (m), 1386 
(m), 1360 (m), 1333 (m), 1256 (m), 1107 (m), 1068 (m), 1018 (m), 838 (m); 1H NMR 
(400 MHz, CDCl3): δ 7.90 (2H, dd, J= 5.4, 3.0 Hz), 7.77 (2H, dd, J= 5.8, 3.0 Hz), 5.96 
(1H, ddt, J= 10.8, 9.2, 1.6 Hz), 5.70 (1H, ddd, J= 10.8, 7.4, 1.1 Hz), 5.27 (1H, ddd, J= 
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10.0, 5.8, 0.9 Hz), 4.21 (1H, dd, J= 10.0, 10.0 Hz), 3.82 (1H, dd, J= 10.0, 5.6 Hz), 2.23 
(2H, m), 1.35-1.22 (24H, m), 0.96 (3H, t, J= 6.8 Hz), 0.83 (9H, s), 0.08 (3H, s), 0.01 (3H, 
s); 13C NMR (100 MHz, CDCl3): δ 168.4, 136.0, 133.9, 132.3, 123.4, 123.2, 62.7, 50.5, 
32.1, 29.9, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 29.4, 27.9, 25.8, 25.8, 22.8, 18.1, 14.3, –5.3, 
–5.4; HRMS (ESI+) [M+H]+ calcd for C32H54NO3Si: 528.3873, found: 
528.3851; +15.8 (c 0.760, CDCl3) for a sample of 98:2 e.r., 96:4 Z:E. 
 E-4.35: IR (neat): 2924 (m), 2853 (m), 1774 (w), 1711 (s), 1467 (m), 1387 (m), 1362 
(m), 1333 (m), 1253 (m), 1172 (w), 1105 (m), 1064 (w), 1017 (w), 1006 (w), 971 (w), 
909 (w), 874 (w), 836 (s), 814 (w), 776 (m), 757 (m), 718 (s), 668 (w), 649 (w), 530 (m), 
405 (w); 1H NMR (400 MHz, CDCl3): δ 7.90 (2H, dd, J= 5.6, 3.2 Hz), 7.81 (2H, dd, J= 
5.4, 3.0 Hz), 5.94-5.81 (2H, m), 4.96-4.90 (1H, m), 4.21 (1H, dd, J= 10.0, 10.0 Hz), 3.86 
(1H, dd, J= 10.0, 6.0 Hz), 2.09 (2H, dd, J= 13.4, 7.0 Hz), 1.44-1.32 (24H, m), 0.96 (3H, t, 
J = 6.8 Hz), 0.82 (9H, s), 0.07 (3H, s), 0.00 (3H, s); 13C NMR (100 MHz, CDCl3): δ 
168.5, 136.5, 133.9, 132.3, 123.8, 123.2, 62.8, 55.9, 32.5, 32.1, 29.9, 29.8, 29.8, 29.7, 
29.6, 29.5, 29.3, 29.1, 25.8, 25.8, 22.8, 18.1, 14.3, –5.3, –5.4; HRMS (ESI+) [M+Na]+ 
calcd for C32H53NO3SiNa: 550.3692, found: 550.3681; +0.64 (c 1.65, CDCl3) for a 
sample of 98:2 e.r., 9:91 Z:E. 
CM catalyzed by a Mo-complex containing a racemic aryloxide ligand: Following the 
exact same procedure described for the synthesis of 4.35, where the in situ-generated 
complex is formed from racemic alcohol, under the same conditions, after 5 h the 
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reaction proceeded to 85% conversion (based on internal standard), and the unpurified 
product is 95% Z  (as determined by 400 MHz 1H NMR analysis). 
 
 
(R,Z)-2-(10-Bromo-1-((tert-butyldimethylsilyl)oxy)dec-3-en-2-yl)isoindoline-1,3-
dione (4.58).  Following the allylic amide CM general procedure, phthalimide 4.34 (19.6 
mg, 0.0637 mmol) was treated with 8-bromooctene (34.7 mg, 0.182 mmol), 3.0 mol % of 
in situ-generated complex 4.8 (95.0 µL, 0.02 M, 1.90 µmol), and allowed to stir under 
vacuum for 5 h.  The unpurified product is 96% Z (as determined by 400 MHz 1H NMR 
analysis).   The resulting brown oil was purified by silica gel chromatography (96:2:2 
hexanes:EtOAc:CH2Cl2) to afford 4.58 (29.2 mg, 0.0590 mmol, 93.0% yield, 95% Z 
isomer) as a clear, colorless oil.  IR (neat): 2928 (m), 2856 (m), 1773 (w), 1708 (s), 1468 
(m), 1385 (m), 1358 (m), 1333 (m), 1255 (m), 1105 (m), 1065 (m), 1017(w), 1006 (w), 
836 (s), 717 (s); 1H NMR (400 MHz, CDCl3): δ 7.76 (2H, dd, J= 5.6, 2.8 Hz), 7.70 (2H, 
dd, J= 5.6, 3.2 Hz), 5.84 (1H, dd, J= 10.8, 9.2 Hz), 5.62 (1H, dt, J= 10.8, 7.6 Hz), 5.18 
(1H, dt, J= 9.5, 6.0 Hz), 4.12 (1H, dd, J= 9.8, 9.8 Hz), [diagnostic E isomer signal: 3.78 
(1H, dd, J= 12.0, 8.0 Hz)], 3.74 (1H, dd, J= 10.2, 5.8 Hz), 2.17 (2H, ddd, J= 14.2, 6.9, 
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1.2 Hz), 1.82-1.75 (2H, m), 1.43-1.24 (8H, m), 0.75 (9H, s), 0.01 (3H, s), −0.08 (3H, s); 
13C NMR (100 MHz, CDCl3): 
δ 168.4, 135.6, 134.0, 132.2, 123.8, 123.2, 62.6, 55.8, 50.4, 34.0, 32.8, 29.3, 28.4, 28.3, 2
8.2, 27.7, 25.8, 18.1, –5.3, –5.4; HRMS (ESI+) [M+H]+ calcd for C24H37BrNO3: 496.1706, 
found: 496.1711; +16.6 (c 1.88, CDCl3) for a sample of 98:2 e.r., 95:5 Z:E. 
 
(R,Z)-2-(1-((tert-Butyldimethylsilyl)oxy)-10-((4-methoxybenzyl)oxy)dec-3-en-2-
yl)isoindoline-1,3-dione (4.59).  Following the allylic amide CM general procedure, 
phthalimide 4.34 (22.7 mg, 0.0690 mmol) was treated with 1-methoxy-4-((oct-7-en-1-
yloxy)methyl)benzene (50.1 mg, 0.202 mmol), 3.0 mol % of in situ-generated complex 
4.8 (102 µL, 0.02 M, 2.04 µmol), and allowed to stir under vacuum for 5 h.  Z-selectivity 
could not be determined from 400 MHz 1H NMR spectrum of unpurified product.  The 
resulting brown oil was purified by silica gel chromatography (92:4:4 hexanes: 
EtOAc:CH2Cl2) to afford 4.59 (37.4 mg, 0.0680 mmol, 99.0% yield, 93% Z isomer) as a 
colorless oil.  IR (neat): 2927 (m), 2855 (m), 1773 (w), 1711 (s), 1613 (w), 1512 (m), 
1466 (m), 1385 (m), 1358 (m), 1333 (m), 1301 (m), 1247 (m), 1172 (m), 1099 (s), 1037 
(m), 1006 (m); 1H NMR (400 MHz, CDCl3): δ 7.81 (2H, dd, J= 5.2, 3.2 Hz), 7.68 (2H, 
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dd, J= 5.4, 3.0 Hz), 7.25 (2H, d, J= 8.4 Hz), 6.87 (2H, d, J= 8.4 Hz), 5.83 (1H, m), 5.63 
(1H, m), 5.19 (1H, m), [diagnostic E isomer signal: 4.88-4.84 (1H, m)], 4.41 (2H, s), 4.12 
(1H, dd, J= 10.0, 10.0 Hz), 3.80 (3H, s), 3.73 (1H, dd, J= 10.0, 5.6 Hz), 3.40 (2H, t, J= 
6.6 Hz), 2.15 (2H, dd, J= 14.4, 7.2 Hz), 1.54 (2H, t, J= 7.2 Hz), 1.35-1.26 (6H, m), 0.74 
(9H, s), −0.01 (3H, s), −0.08 (3H, s); 13C NMR (100 MHz, CDCl3): 
δ 168.4, 159.2, 135.8, 133.9, 132.2, 131.0, 129.4, 123.5, 123.2, 113.9, 72.6, 70.3, 62.6, 55
.4, 50.5, 29.8, 29.5, 29.2, 27.8, 26.2, 25.8, 18.1, −5.3, −5.4; HRMS (ESI+) [M-H]+ calcd 
for C32H44NO5Si: 550.2997, found: 550.2989; +16.2 (c 2.09, CDCl3) for a sample of 
98:2 e.r., 93:7 Z:E. 
 
(R,Z)-phenyl_7-((tert-Butyldimethylsilyl)oxy)-6-(1,3-dioxoisoindolin-2-yl)hept-4-
enoate (4.60). Following the allylic amide CM general procedure, phthalimide 4.34 (9.30 
mg, 0.0281 mmol) was treated with phenyl pent-4-enoate (51.3 mg, 0.291 mmol), 5.0 
mol % of in situ-generated complex 4.8 (65.0 µL, 0.02 M, 1.30 µmol), and allowed to stir 
under vacuum for 5 h. The unpurified product is 96% Z (as determined by 400 MHz 1H 
NMR analysis). The resulting brown oil was purified by silica gel chromatography 
(92:4:4 hexanes:EtOAc:CH2Cl2) to afford 4.60 (9.00 mg, 0.0189 mmol, 67.0% yield, 
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93% Z isomer) as a pale yellow oil. IR (neat): 2954 (w), 2928 (w), 2856 (w), 1761 (m), 
1708 (s), 1492 (m), 1469 (m), 1385 (m), 1358 (m), 1334 (m), 1254 (m), 1195 (m), 1162 
(m), 1127 (m), 1108 (m), 1068 (m), 1025 (m), 1005 (m), 836 (s), 718 (s); 1H NMR (400 
MHz, CDCl3): δ 7.80 (2H, dd, J= 5.4, 3.0 Hz), 7.68 (2H, dd, J= 5.6, 3.2 Hz), 7.33 (2H, 
m), 7.19 (1H, m), 7.04 (2H, dd, J= 8.6, 1.0 Hz), 5.96 (1H, dd, 10.6, 10.0 Hz), 5.74-5.68 
(1H, m), 5.24 (1H, m), [diagnostic E isomer signal: 4.92-4.86 (1H, m)], 4.13 (1H, t, J= 
9.8 Hz), 3.79 (1H, dd, J= 10.2, 5.8 Hz), 2.64-2.62 (4H, m), 0.75 (9H, s), -0.01 (3H, s), -
0.08 (3H, s); 13C NMR (100 MHz, CDCl3): 
δ 170.6, 168.3, 150.8, 134.0, 133.0, 132.2, 129.5, 125.9, 125.5, 123.2, 121.7, 62.5, 50.3, 3
4.1, 25.8, 23.3, 18.1, −5.3, −5.5; HRMS (ESI+) [M+H]+ calcd for C27H34NO5Si: 480.2206, 
found: 480.2193; +18.2 (c 0.450, CDCl3) for a sample of 98:2 e.r., 95:5 Z:E. 
 
(R,Z)-2-(1-((tert-Butyldimethylsilyl)oxy)-4-cyclohexylbut-3-en-2-yl)isoindoline-1,3-
dione (4.61).  Following the allylic amide CM general procedure, phthalimide 4.34 (11.4 
mg, 0.0344 mmol) was treated with vinylcyclohexane (43.5 mg, 0.395 mmol), 5.0 mol % 
of in situ-generated complex 4.8 (85.0 µL, 0.02 M, 1.70 µmol), and allowed to stir for 12 
h.  The unpurified product is 97% Z (as determined by 400 MHz 1H NMR analysis).  The 
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resulting brown oil was purified by silica gel chromatography (96:2:2 
hexanes:EtOAc:CH2Cl2) to afford 4.61 (8.60 mg, 0.0210 mmol, 61.0% yield, 94% Z 
isomer) as a clear, colorless oil.  IR (neat): 2925 (m), 2853 (m), 1773 (w), 1709 (s), 1468 
(m), 1385 (m), 1360 (m), 1333 (m), 1256 (m), 1103 (m), 1064 (m), 1005 (m), 835 (s), 
717 (s); 1H NMR (500 MHz, CDCl3): δ 7.82 (2H, dd, J= 5.5, 3.0 Hz), 7.69 (2H, dd, J= 
5.5, 3.5 Hz), 5.73 (1H, ddd, J= 10.4, 9.2, 0.8 Hz), 5.46 (1H, ddd, J= 10.4, 10.4, 0.8 Hz), 
5.21 (1H, td, 9.3, 5.5 Hz), [diagnostic E isomer signal: 4.84-4.82 (1H, m)], 4.12 (1H, t, J= 
10.0 Hz), 3.73 (1H, dd, J= 10.0, 6.0 Hz), 2.48-2.41 (1H, m), 1.73-1.63 (3H, m), 1.55-1.48 
(1H, m), 1.38-1.25 (3H, m), 1.19-0.99 (3H, m), 0.75 (9H, s), 0.00 (3H, s), 0.07 (3H, s); 
13C NMR (100 MHz, CDCl3): 
δ 168.4, 141.6, 133.9, 132.2, 123.2, 121.4, 62.9, 50.8, 36.9, 33.5, 33.1, 26.1, 25.8, 25.8, 2
5.7, 18.2, −5.3, −5.4; HRMS (ESI+) [M+H]+ calcd for C24H36NO3Si: 414.2464, found: 
414.2465; +28.3 (c 0.630, CDCl3) for a sample of 98:2 e.r., >98:2 Z:E. 
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(Z)-tert-Butyl heptadec-2-en-1-ylcarbamate (4.55).  Following the allylic amide CM 
general procedure, tert-butyl allylcarbamate (4.54, 4.40 mg, 0.0280 mmol) was treated 
with 1-hexadecene (64.5 mg, 0.290 mmol), 5.0 mol % of in situ-generated complex 4.8 
(75.0 µL, 0.02 M, 1.50 µmol), and allowed to stir under vacuum for 1 h.  Z-selectivity 
could not be determined from 400 MHz 1H NMR spectrum of unpurified product.  The 
resulting brown oil was purified by silica gel chromatography (96:2:2 
hexanes:EtOAc:CH2Cl2) to afford 4.55 (8.30 mg, 0.0230 mmol, 84.0% yield, 81% Z 
isomer) as a white, crystalline solid.  M.p. 42-46 °C; IR (neat): 3353 (br), 2922 (s), 2853 
(s), 1700 (s), 1501 (m), 1457 (m), 1390 (m), 1365 (m), 1247 (m), 1170 (s), 1046 (w), 
1023 (w); 1H NMR (400 MHz, CDCl3): δ 5.60-5.34 (overlapping Z/E 2H, m), 4.45 
(overlapping Z/E, 1H, br d, J= 15.6 Hz), 3.74 (E, 1H, br s), 3.66 (Z, 1H, br s), 2.06-1.96 
(overlapping Z/E, 2H, m), 1.43 (overlapping Z/E, 9H, s), 1.41-1.24 (overlapping Z/E, 
24H, m), 0.86 (overlapping Z/E, 3H, t, J= 7.8 Hz); 13C NMR (100 MHz, CDCl3): δ 156.0, 
155.9, 133.4, 126.3, 125.9, 79.4, 77.4, 32.4, 32.1, 29.9, 29.8 29.8, 29.8, 29.7, 29.7, 29.5, 
29.4, 29.3, 28.6, 27.5, 22.8, 19.2, 14.3; HRMS (ESI+) [M+Na]+ calcd for C22H43NO2Na: 
376.3191, found: 376.3184. 
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(Z)-2-(Heptadec-2-en-1-yl)isoindoline-1,3-dione (19g).  Following the allylic amide 
CM general procedure, 2-allylisoindoline-1,3-dione (5.50 mg, 0.0290 mmol) was treated 
with 1-hexadecene (63.8 mg, 0.290 mmol), 5.0 mol % of in situ-generated complex 2 
(75.0 µL, 0.02 M, 1.50 µmol; final substrate concentration = 0.19 M) and allowed to stir 
for 1 h.  The unpurified product is 85% Z (as determined by 400 MHz 1H NMR analysis).  
The resulting brown oil was purified by silica gel chromatography (96:2:2 
hexanes:EtOAc:CH2Cl2) to afford 19g (9.80 mg, 0.0260 mmol, 87.0% yield, 85% Z 
isomer) as a white, crystalline solid.  M.p. 56-60 °C; IR (neat): 2954(w), 2916 (s), 2849 
(m), 1771 (w), 1698 (s), 1614 (w), 1464 (m), 1429 (m), 1400 (m), 1356 (w), 1335 (w), 
1294 (w), 1189 (w), 1173 (w), 1155 (w), 1089 (w), 1071 (w), 1052 (w), 1024 (w), 962 
(m), 930 (m); 1H NMR (400 MHz, CDCl3): δ 7.84 (2H, dd, J= 5.4, 3.0 Hz), 7.70 (2H, dd, 
J= 5.4, 3.0 Hz), 5.78-5.71 (1H, m), 5.54-5.44 (1H, m), 4.23 (2H, dd, J= 6.2, 0.8 Hz), 
[diagnostic E isomer signal: 4.22 (1H, d, J = 8 Hz)], 1.99 (2H, dd, J= 13.6, 6.8 Hz), 1.43-
1.19 (24H, m), 0.88 (3H, t, J= 6.8 Hz); 13C NMR (100 MHz, CDCl3): δ 168.2, 135.6, 
134.0, 132.4, 123.4, 123.3, 123.1, 77.4, 39.8, 32.3, 32.1, 29.9, 29.8, 29.8, 29.7, 29.7, 29.6, 
29.6, 29.5, 29.3, 29.0, 22.8, 14.3; HRMS (ESI+) [M+H]+ calcd for C25H38NO2: 384.2903, 
found: 384.2905. 
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Allylic phthalimide G.  Allylic phthalimide G was prepared by a modified literature 
procedure.48 An oven-dried 100-mL round-bottom flask equipped with a stir bar was 
charged with D-2,3,4,6-tetra-O-benzylgalactose (979 mg, 1.79 mmol), 
triphenylphosphine (1.39 g, 5.30 mmol), carbon tetrabromide (1.91 g, 5.76 mmol), and 
anhydrous dmf (20 mL).  The resulting red-orange mixture was allowed to stir for 5 h at 
22 °C.  (R)-N-Phthaloyl-2-aminobut-3-en-1-ol (1.19 g, 5.48 mmol) was added, and the 
resulting mixture was allowed to stir for 12 h at 22 °C.  The mixture was then diluted by 
addition of ethyl acetate (20 mL) and a saturated aqueous solution of sodium bicarbonate 
(40 mL).  The organic layer was separated and the aqueous layer washed with ethyl 
acetate (5 x 20 mL).  The combined organic layers were washed with water (3 x 10 mL), 
brine (1 x 20 mL), dried over MgSO4, filtered, and concentrated in vacuo to deliver an 
amber oil.  1H NMR (400 MHz) analysis of the unpurified product revealed a mixture of 
                                                
(48) Nishida, Y.; Shingu, Y.; Dohi, H.; Kobayashi, K. Org. Lett. 2003, 5, 2377−2380.  
Chapter 4, page 411
  
α:β anomers (approx. 3:1 α:β).  The desired α-anomer was separated by silica gel 
chromatography (85:15 hexanes:EtOAc) to afford allylic phthalimide G (1.00g, 1.36 
mmol, 76.0% yield) as a pale yellow viscous oil (>98:2 α:β).  IR (neat): 3063 (w), 3029 
(w), 2916 (w), 2872 (w), 1774 (w), 1708 (s), 1610 (w), 1496 (w), 1467 (w), 1453 (w), 
1384 (m), 1357 (w), 1207 (w), 1154 (w), 1133 (w), 1093 (m), 1044 (m), 1027 (w), 
991(w), 883 (w), 869 (w), 719 (s), 695 (s), 666 (w), 609 (w), 530 (w), 461 (w); 1H NMR 
(400 MHz, CDCl3): δ 7.74 (2H, dd, J= 5.4, 3.0 Hz), 7.61 (2H, dd, J= 5.4, 3.0 Hz), 7.35-
7.27 (15H, m), 7.21-7.19 (3H, m), 7.12-7.09 (2H, m), 6.18 (1H, ddd, J= 17.4, 10.4, 6.0 
Hz), 5.33 (1H, dt, J= 17.2, 1.2 Hz), 5.27 (1H, dd, J= 10.4, 1.0 Hz), 5.12-5.06 (1H, m), 
4.90 (1H, d, J= 11.6 Hz), 4.83 (1H, d, J= 3.2 Hz), 4.64 (1H, d, J= 12.0 Hz), 4.58 (1H, d, 
J= 11.6 Hz), 4.54 (1H, d, J= 11.6 Hz), 4.52 (1H, d, J= 12.0 Hz), 4.43 (1H, d, J= 12.0 Hz), 
4.42 (1H, d, J= 12.4 Hz), 4.36 (1H, d, J= 12.0 Hz), 4.12 (1H, t, J= 9.8 Hz), 4.02-3.98 
(2H, m), 3.93-3.90 (2H, m), 3.82 (1H, dd, J= 10.4, 2.8 Hz), 3.54 (2H, dd, J= 6.4, 1.6 Hz); 
13C NMR (100 MHz, CDCl3): 
δ 168.4, 138.9, 138.8, 138.7, 138.2, 133.8, 132.2, 132.1, 128.5, 128.4, 128.3, 128.3, 128.2
, 127.9, 127.8, 127.6, 127.6, 127.5, 127.5, 127.3, 123.0, 119.2, 98.4, 78.8, 76.2, 75.3, 74.8
, 73.5, 73.3, 72.4, 70.0, 69.1, 67.4, 53.6; HRMS (ESI+) [M+Na]+ calcd for C46H45NO8Na: 
762.3043, found: 762.3047;  +21.1 (c 2.72, CDCl3) for a sample of 98:2 e.r (e.r. 
measured for (R)-N-phthaloyl-2-aminobut-3-en-1-ol). 
Allylic amine H.  Amine H was prepared by a modified literature procedure.40 A 100-mL 
round-bottom flask equipped with a stir bar and condenser was charged with glycoside G 
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(646 mg, 0.873 mmol), ethylenediamine (175 µL, 2.62 mmol), and anhydrous ethanol (17 
mL).  The resulting colorless solution was allowed to stir at reflux for 12 h; during the 
course of the reaction white solids precipitated.  The white suspension was concentrated 
under reduced pressure to yield an opaque white residue.  The resulting white residue was 
purified by silica gel chromatography (wet-loaded in methanol/CH2Cl2 (1:1), and eluted 
with 90:10 methanol:EtOAc), to afford amine H (521 mg, 0.855 mmol, 98.0% yield) as a 
pale, yellow oil.  IR (neat): 3063 (w), 3030 (w), 2914 (w), 2866 (w), 1586 (w), 1496 (w), 
1454 (m), 1347 (w), 1266 (w), 1207 (w), 1156 (w), 1132 (w), 1094 (s), 1041 (s), 1028 
(w), 993 (w), 917 (w), 842 (w), 732 (s), 695 (s), 601 (w), 550 (w), 460 (w); 1H NMR (400 
MHz, CDCl3): δ 7.38-7.27 (13H, m), 7.25-7.22 (7H, m), 5.77 (1H, ddd, J= 17.4, 10.6, 4.4 
Hz), 5.21 (1H, ddd, J= 17.2, 1.2, 1.2 Hz), 5.08 (1H, ddd, J= 10.4, 1.4, 1.4 Hz), 4.93 (1H, 
d, J= 11.6 Hz), 4.89 (1H, d, J= 4.0 Hz), 4.82 (1H, d, J= 11.6 Hz), 4.78 (1H, d, J= 12.0 
Hz), 4.73 (1H, d, J= 11.2 Hz), 4.66 (1H, d, J= 11.6 Hz), 4.56 (1H, d, J= 11.6 Hz), 4.46 
(1H, d, J= 11.6 Hz), 4.38 (1H, d, J= 11.6 Hz), 4.04 (1H, dd, 10.0, 3.6 Hz), 3.96-3.91 (3H, 
m), 3.67 (1H, dd, J= 9.6, 4.0 Hz), 3.62-3.57 (1H, m), 3.52 (2H, dd, J= 6.6, 1.4 Hz), 3.21 
(1H, dd, J= 9.6, 8.4 Hz), 1.50 (2H, br s); 13C NMR (100 MHz, CDCl3): 
δ 138.9, 138.8, 138.7, 138.1, 128.5, 128.5, 128.5, 128.4, 128.0, 127.9, 127.8, 127.7, 127.7
, 127.6, 127.6, 115.6, 98.9, 79.2, 75.1, 74.9, 73.9, 73.6, 73.4, 73.2, 69.7, 69.2, 54.1; HRM
S (ESI+) [M+Na]+ calcd for C38H43NO6Na: 632.2988, found: 632.2987;  +33.2 (c 
2.47, CDCl3) for a sample of 98:2 e.r. (e.r. measured for (R)-N-phthaloyl-2-aminobut-3-
en-1-ol). 
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Allylic Boc-amide I.  An oven-dried 12-mL vial equipped with a stir bar was charged 
with amine H (203 mg, 0.333 mmol), Boc2O (441 mg, 2.02 mmol), and CH2Cl2 (5 mL).  
Triethylamine (1.3 mL) was added and the reaction mixture was allowed to stir for 12 h 
at 22 °C.  The resulting solution was concentrated in vacuo, and the resulting pale yellow 
oil was purified by silica gel chromatography (80:20 hexanes:EtOAc), to a deliver amide 
I (201 mg, 0.283 mmol, 85.0% yield) as a colorless oil.  IR (Neat): 3353 (w), 3064 (w), 
3031 (w), 2924 (w), 2868 (w), 1711 (s), 1645 (w), 1605 (w), 1496 (m), 1454 (m), 1391 
(w), 1365 (m), 1345 (w), 1245 (w), 1208 (w), 1159 (s), 1135 (w), 1095 (s), 1042 (s), 
1028 (w), 990 (w), 910 (s), 849 (w), 818 (w), 731 (s), 696 (s), 647 (w), 602 (w), 548 (w), 
461 (m); 1H NMR (400 MHz, CDCl3): δ 7.39-7.27 (13H, m), 7.25-7.23 (7H, m), 5.85 
(1H, ddd, J= 17.2, 10.6, 5.2 Hz), 5.27 (1H, br s), 5.20 (1H, ddd, J= 17.2, 1.2, 1.2 Hz), 
5.12 (1H, ddd, J= 10.4, 1.4, 1.4 Hz), 4.92 (1H, d, J= 11.6 Hz), 4.82 (1H, d, J= 11.6 Hz), 
4.80 (1H, d, J= 3.6 Hz), 4.79 (1H, d, J= 12.0 Hz), 4.72 (1H, d, J= 11.6 Hz), 4.64 (1H, d, 
J= 11.6 Hz), 4.55 (1H, d, J= 11.6 Hz), 4.49 (1H, d, J= 12.0 Hz), 4.38 (1H, d, J= 12.0 Hz), 
4.28 (1H, br s), 4.03 (1H, dd, J= 10.0, 3.6 Hz), 3.94-3.92 (2H, m), 3.89 (1H, dd, J= 10.0, 
2.8 Hz), 3.66-3.62 (2H, m), 3.52-3.44 (2H, m), 1.42 (9H, s); 13C NMR (100 MHz, 
CDCl3): δ 155.6, 138.8, 138.7, 138.6, 138.0, 136.4, 128.5, 128.5, 128.4, 128.3, 128.0, 
127.9, 127.8, 127.8, 127.7, 127.6, 127.6, 115.9, 99.2, 85.3, 78.9, 76.8, 75.0, 74.9, 73.6, 
73.5, 73.2, 69.9, 69.1, 28.5; HRMS (ESI+) [M+Na]+ calcd for C43H51NO8Na: 732.3512, 
found: 732.3539;  +30.7 (c 2.05, CDCl3) for a sample of 98:2 e.r. (e.r. measured for 
(R)-N-phthaloyl-2-aminobut-3-en-1-ol). 
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Bis(Boc)amide 4.69.  An oven-dried 12-mL vial equipped with a stir bar was charged 
with amide I (201 mg, 0.283 mmol), Boc2O (840 mg, 3.85 mmol), DMAP (93.0 mg, 
0.764 mmol), and anhydrous MeCN (10 mL).  The reaction mixture was allowed to stir 
for 12 h at 22 °C.  The resulting red solution was concentrated in vacuo, and the red oil 
filtered through a short plug of silica gel (eluted with 90:10 hexanes:EtOAc).  The 
resulting yellow oil was purified on silica gel (92.5:7.5 hexanes:EtOAc) to provide a light 
yellow oil that was dissolved in benzene, and filtered through a plug of basic alumina, to 
afford bis(Boc)amide 4.69 (98.0 mg, 0.121 mmol, 43.0% yield) as a colorless oil.  IR 
(neat): 3089 (w), 3064 (w), 3032 (w), 2978 (w), 2925 (w), 1741 (m), 1701 (m), 1496 (w), 
1478 (w), 1454 (w), 1390 (w), 1367 (m), 1349 (m), 1306 (w), 1233 (m), 1098 (s), 1042 
(s), 1028 (w), 995 (w), 847 (w), 808 (w), 734 (s), 696 (s), 677 (s), 610 (w), 550 (w), 463 
(w); 1H NMR (400 MHz, CDCl3): δ 7.35-7.27 (13H, m), 7.25-7.22 (7H, m), 5.96 (1H, 
ddd, J= 17.2, 10.4, 4.4 Hz), 5.24 (1H, dt, J= 17.6, 1.2 Hz), 5.16 (1H, dt, J= 10.8, 1.6 Hz), 
4.98 (1H, dd, J= 13.2, 6.8 Hz), 4.92 (1H, d, J= 11.6 Hz), 4.87 (1H, d, J= 4.0 Hz), 4.80 
(1H, d, J= 11.2 Hz), 4.74 (1H, d, J= 12.0 Hz), 4.69 (1H, d, J= 13.2 Hz), 4.66 (1H, d, J= 
12.0 Hz), 4.55 (1H, d, J= 11.6 Hz), 4.47 (1H, d, J= 12.0 Hz), 4.39 (1H, d, J= 12.0 Hz), 
4.02 (1H, dd, J= 10.0, 3.6 Hz), 3.98-3.95 (2H, m), 3.91 (1H, dd, J= 10.0, 2.8 Hz), 3.83 
(2H, dd, J= 10.0, 7.2 Hz), 3.53-3.51 (2H, m), 1.46 (18H, s);  13C NMR (100 MHz, 
CDCl3):δ 153.0, 139.0, 138.9, 138.8, 138.1, 134.9, 128.5, 128.4, 128.4, 128.3, 128.3, 127.
9, 127.9, 127.8, 127.6, 127.5, 117.6, 97.8, 82.5, 79.0, 76.6, 75.2, 74.9, 73.5, 73.3, 72.8, 69
.5, 69.2, 69.0, 58.0, 28.2; HRMS (ESI+) [M+Na]+ calcd for C48H59NO10Na: 832.4037, 
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found: 832.4028;  +19.3 (c 1.65, CDCl3) for a sample of 98:2 e.r. (e.r. measured for 
(R)-N-phthaloyl-2-aminobut-3-en-1-ol). 
 
 
Z-allylic bis(Boc)amide 4.70.  Following the allylic amide CM general procedure, 
substrate 4.69 (33.4 mg, 0.0412 mmol) was treated with 1-hexadecene (56.0 µL, 0.196 
mmol), 8.0 mol % of in situ-generated complex 4.8 (165.0 µL, 0.02 M, 3.30 µmol; final 
substrate concentration = 0.3 M) and allowed to stir under vacuum for 5 h.  The 
unpurified product is 97% Z (as determined by 400 MHz 1H NMR analysis).  The 
resulting brown oil was purified by silica gel chromatography (90:10 hexanes:EtOAc) to 
afford 4.70 (36.0 mg, 0.0358 mmol, 87.0% yield, >98% Z isomer) as a clear, colorless 
oil.  IR (neat): 3064 (w), 3030 (w), 2923 (m), 2853 (w), 1741 (m), 1699 (m), 1605 (w), 
1497 (w), 1454 (m), 1390 (m), 1366 (m), 1349 (w), 1304 (w), 1233 (m), 1154 (w), 1131 
(w), 1100 (s), 1044 (s), 1028 (w), 999 (w), 908 (w), 850 (w), 809 (w), 733 (s), 696 (s), 
611 (w), 462 (w), 419 (w); 1H NMR (400 MHz, CDCl3): δ 7.36-7.27 (14H, m), 7.25-7.22 
(6H, m), [diagnostic E isomer signal: 5.73-5.66 (2H, m)], 5.61-5.51 (2H, m), 5.26 (1H, 
dd, J= 14.0, 7.2 Hz), 4.92 (1H, d, J= 11.6 Hz), 4.85 (1H, d, J= 3.6 Hz), 4.80 (1H, d, J= 
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11.6 Hz), 4.73 (1H, d, J= 12.0 Hz), 4.69 (1H, d, J= 11.6 Hz), 4.66 (1H, d, J= 12.0 Hz), 
4.55 (1H, d, J= 11.6 Hz), 4.48 (1H, d, J= 11.6 Hz), 4.39 (1H, d, J= 12.0 Hz), 4.02 (1H, 
dd, J= 10.0, 3.6 Hz), 3.99-3.96 (2H, m), 3.92 (1H, dd, J= 10.0, 2.8 Hz), 3.84-3.78 (2H, 
m), 3.56-3.48 (2H, m), 2.13-2.06 (2H, m), 1.46 (18H, s), 1.34-1.24 (24H, m), 0.88 (3H, t, 
J= 7.0 Hz); 13C NMR (100 MHz, CDCl3): 
δ 152.9, 139.1, 139.1, 138.9, 138.2, 135.8, 128.5, 128.4, 128.4, 128.3, 127.9, 127.7, 127.6
, 127.5, 125.7, 97.8, 82.2, 79.1, 76.6, 75.3, 74.9, 73.5, 73.4, 72.6, 69.7, 69.4, 69.0, 52.8, 3
2.1, 29.9, 29.8, 29.8, 29.7, 29.6, 29.5, 28.2, 22.8, 14.3;  HRMS (ESI+) [M+Na]+ calcd for 
C62H87NO10Na: 1028.6228, found: 1028.6196;  +10.5 (c 1.99, CDCl3) for a sample 
of 98:2 e.r, >98:2 Z:E (e.r. measured for (R)-N-phthaloyl-2-aminobut-3-en-1-ol). 
 
 
Dihydroxylamide 4.71.  An 8-mL vial equipped with a stir bar was charged with NMO 
(9.8 mg, 0.077 mmol), and CH2Cl2 (100 µL).  The resulting solution was allowed to cool 
to 0 °C (ice-bath) and OsO4 (10.0 µL, 1.50 µmol, 4% wt/v aqueous solution) was added.  
The mixture was allowed to stir for 15 min at 0 °C, then Z olefin 4.70 (29.8 mg, 0.0297 
mmol) was introduced by syringe as a solution in CH2Cl2 (300 µL).  The resulting 
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solution was allowed to stir for 24 h at 0 °C.  After 24 h, the mixture had formed a cloudy 
brown solution. The reaction was quenched by addition of a saturated aqueous solution of 
sodium thiosulfate (4 mL), and allowed to stir for 20 min.  The biphasic mixture was 
transferred to a separatory funnel containing a saturated aqueous solution of sodium 
thiosulfate (20 mL).  The organic layer was separated, and the aqueous layer was washed 
with CH2Cl2 (5 x 20 mL).  The combined organic layers were washed with brine (1 x 20 
mL), dried over MgSO4, filtered, and concentrated in vacuo.  The resulting brown oil was 
purified by silica gel chromatography (80:10:10 hexanes:EtOAc:CH2Cl2) to afford diol 
4.71 (26.6 mg (0.0256 mmol, 89% yield) as a colorless oil, and as a mixture of 
diastereomers (92:8 anti:syn).  IR (neat): 3467 (w), 3066 (w), 3031 (w), 2955 (m), 2924 
(w), 2854 (w), 1736 (m), 1687 (m), 1497 (w), 1455 (m), 1392 (w), 1367 (m), 1352 (w), 
1235 (w), 1154 (w), 1124 (w), 1097 (s), 1056 (m), 1028 (w), 908 (m), 852 (w), 806 (w), 
731 (s), 696 (s), 648 (w), 608 (w), 462 (w); 1H NMR (400 MHz, CDCl3): δ 7.38-7.27 
(14H, m), 7.26-7.25 (6H, m), 4.90 (1H, d, J= 11.6 Hz), 4.83 (1H, d, J= 3.2 Hz), 4.82 (1H, 
d, J= 12.4 Hz), 4.78 (1H, d, J= 13.6 Hz), 4.75 (1H, d, J= 12.4 Hz), 4.70 (1H, d, J= 12.0 
Hz), 4.54 (1H, d, J= 11.6 Hz), 4.49 (1H, d, J= 12.0 Hz), 4.40 (2H, d, J= 12.0 Hz), 4.21 
(1H, dd, J= 11.4, 7.0 Hz), 4.03-4.00 (2H, m), 3.92-3.89 (2H, m), 3.78 (1H, dd, J= 6.4, 3.2 
Hz), 3.67 (1H, dd, J= 11.2, 5.6 Hz), 3.57 (1H, br s), 3.54-3.45 (3H, m), 3.20 (1H, d, J= 
4.8 Hz), 1.48 (18H, s), 1.30-1.24 (24H, m), 0.88 (3H, t, J= 7.0 Hz); 13C NMR (100 MHz, 
CDCl3):δ 154.1, 138.8, 138.7, 138.3, 138.0, 128.5, 128.5, 128.3, 128.3, 128.0, 127.8, 127.
7, 127.6, 127.5, 98.3, 83.4, 79.3, 75.9, 75.2, 74.8, 73.5, 73.3, 72.4, 69.8, 69.3, 65.8, 57.6, 
33.2, 32.1, 29.9, 29.9, 29.9, 29.8, 29.5, 28.1, 26.2, 22.8, 14.3; HRMS (ESI+) [M+Na]+ 
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calcd for C62H89NO12Na: 1062.6282, found: 1062.6313;  +16.9 (c 1.26, CDCl3) for a 
sample of 98:2 e.r. and 89:11 anti:syn (e.r. measured for (R)-N-phthaloyl-2-aminobut-3-
en-1-ol).  
 
 
2’,3’,4’,6’-tetra-O-benzyl KRN7000 (4.72).  An 8-mL vial equipped with a stir bar was 
charged with diol 4.71 (12.4 mg, 12.0 µmol).  Trifluoroacetic acid (1.0 mL, 10% v/v in 
CH2Cl2) was added, and the mixture was allowed to stir for 30 min at 22 °C.  The reaction 
was quenched by addition of sodium bicarbonate (100 mg), and allowed to stir for 5 min.  
The mixture was diluted with CH2Cl2 (4 mL), passed through a plug of cotton, and the 
resulting solution concentrated in vacuo to afford a colorless oil. A separate vial was 
charged with cerotic acid succinimide ester (7.1 mg, 14.4 µmol) and triethylamine (50 
µL, 0.346 mmol), and 0.5 mL CH2Cl2 was added.  The resulting solution was transferred 
to the vial containing the free-base amine, and the resulting solution was allowed to stir 
for 12 h in an oil bath (50 °C).  The mixture was cooled, concentrated in vacuo, and the 
resulting white solid was purified by silica gel chromatography (3:1 hexanes:EtOAc), 
affording ceramide 4.72 (13.0 mg, 10.7 µmol, 89.0% yield) as a white crystalline solid, 
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and as a single diastereomer [>98:2 d.r. (anti:syn)].  M.p. 59-61 °C (Lit.37 m.p. 71 °C); IR 
(neat): 3317 (br w), 2918 (s), 2850 (m), 1741 (w), 1639 (w), 1543 (w), 1496 (w), 1466 
(m), 1454 (w), 1377 (w), 1351 (w), 1260 (m), 1209 (w), 1094 (m), 1041 (s), 1027 (s), 909 
(w), 867 (s), 798 (w), 731 (s), 608 (w), 462 (w); 1H NMR (400 MHz, CDCl3): δ 7.36-7.27 
(20H, m), 6.37 (1H, d, J= 8.5 Hz), 4.92 (1H, d, J= 11.0 Hz), 4.88 (1H, d, J= 11.5 Hz), 
4.84 (1H, d, J= 3.0 Hz), 4.78 (2H, d, J= 4.0 Hz), 4.67 (1H, d, J= 11.5 Hz), 4.56 (1H, d, J= 
11.5 Hz), 4.47 (1H, d, J= 11.5 Hz), 4.39 (1H, d, J= 11.5 Hz), 4.21-4.20 (1H, m), 4.04 
(1H, dd, J= 10.0, 3.5 Hz), 3.97 (1H, br s), 3.92-3.85 (4H, m), 3.80 (1H, d, J= 9.0 Hz), 
3.51-3.47 (4H, m), 2.11 (2H, t, J= 7.3 Hz), 1.58-1.43 (6H, m), 1.25 (66H, m), 0.88 (6H, t, 
J= 6.6 Hz); 13C NMR (100 MHz, CDCl3): δ 173.3, 138.6, 138.5, 138.0, 137.7, 128.6, 
128.4, 128.3, 128.3, 128.1, 128.1, 127.9, 127.8, 127.6, 99.4, 79.5, 76.4, 76.2, 74.9, 74.6, 
74.4, 73.8, 73.5, 72.9, 70.2, 70.1, 69.1, 49.7, 36.9, 33.4, 32.1, 29.9, 29.7, 29.5, 26.1, 25.9, 
22.8, 14.3; HRMS (ESI+) [M+Na]+ calcd for C78H123NO9Na: 1240.9096, found: 
1240.9098;  +9.71 (c 0.387, CDCl3) for a sample of 98:2 e.r. and >98:2 d.r. [(Lit.37 
+27.6 (c 2.10, CHCl3) for a sample of >98:2 e.r.]. 
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Chapter 5. 
Z-SELECTIVE CROSS-METATHESIS OF VINYL BORONATES 
5.1 Overview of Vinyl Boronate Synthesis 
Vinyl boronates are versatile chemical building blocks that are widely utilized in 
organic synthesis, allowing access to olefins through Pd- or Ni-catalyzed Suzuki-Miyaura 
cross-coupling.1,2 Since Pd- and Ni-catalyzed cross-coupling reactions generally retain 
the geometry of the olefin substrates that take part in the reaction, it is necessary to 
synthesize vinyl boronates and/or vinyl halides stereoselectively prior to cross-coupling. 
One of the earliest 
methods reported for 
stereoselective vinyl 
boronate synthesis 
was reported by 
Brown and co-
workers; in this procedure, bromoalkyne 5.1 was reacted with HBBr2•SMe2 and the 
resulting bromoalkenylboron intermediate 5.2 was quenched with isopropanol to provide 
bromovinylboronate 5.3 (Figure 5.1).3 Bromovinylboronate 5.3 is then treated with 
                                                          
(1) For a review on boronic esters, see: Matteson, D. S. Tetrahedron, 1989, 45, 1859-1885. 
(2) For a review on Suzuki-Miyaura cross-coupling, see: Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 
2457-2483.  
(3) (a) Brown, H. C.; Imai, T. Organometallics, 1984, 3, 1392-1395; For an application of this method in 
cross-coupling, see: (b) Miyaura, N.; Satoh, M.; Suzuki, A. Tetrahedron Lett. 1986, 27, 3745-3748; For 
bromoalkyne synthesis, see: (c) Niggemann, M.; Jelonek, A.; Biber, N.; Wuchrer, M.; Plietker, B. J. Org. 
Chem. 2008, 73, 7028-7036.  
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KHB(Oi-Pr)3 to deliver Z-vinylboronate 4; the corresponding E-vinyl boronate can be 
prepared simply by hydroboration of the alkyne followed by treatment with isopropanol.4  
Molander and co-workers have developed a method for synthesizing Z-vinyl 
boronates from alkynylboronates by addition of HBCy2 followed by protodeboration of 
the BCy2 moeity (Figure 5.2). Alkynylboronate 5.7 is prepared by deprotonation of an 
alkyne and addition of the acetylide (5.5) to B(Oi-Pr)3, providing alkynylboronate 5.6. 
Boronate 5.6 is then substituted with pinacol, furnishing boronate 5.7. Boronate 5.7 is 
then hydroborated, and the resulting diboryl alkene 5.8 is treated with acetic acid to 
provide Z-vinyl boronate 5.9.  Although the scope of this method is broad, the primary 
limitation is the requirement to install the boryl group onto the alkyne, which requires 
several steps and the use of strong base. 
Rhodium catalyzed hydroboration of alkynes allows for synthesis of Z-
vinylboronates under relatively mild conditions (Figure 5.3).5 The mechanism of this 
                                                          
(4) Brown, H. C.; Campbell, J. B., Jr., Aldrichim. Acta, 1981, 14, 3-11. 
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transformation begins with coordination of the alkyne to Rh followed by deprotonation of 
the alkyne by Et3N. The resulting alkynyl-Rh complex 5.10 then undergoes migratory 
hydride insertion to form Rh-allenylidene 5.11. Rh-complex 5.11 then undergoes an 
oxidative addition into the B-H bond of catecholborane to form Rh(V) boryl hydride 
allenylidene 5.12, and this undergoes a 1,2 boryl shift to form E-vinyl Rh(III) 5.13. The 
stereoselectivity of this reaction depends upon the stability of the E-vinyl Rh-complex, 
which then undergoes a stereospecific reductive elimination to regenerate Rh(I)-complex 
5.14 and releases Z vinyl boronate 5.15.   
Williams and co-workers have reported a procedure in which alkynes can be 
stereoselectively converted into Z vinyl boronates and Z vinyl stannanes (Figure 5.4) In 
this procedure, an alkyne is 
first hydrotellurated through 
the use of dibutylditelluride 
and sodium borohydride, 
furnishing a Z vinyltelluride. 
Treatment of the Z 
vinyltelluride with n-
butyllithium at -78 °C 
releases dibutyltelluride and 
a Z vinyllithium, which can then be trapped either with a Sn or B electrophile to give a Z 
vinylstannane or Z vinylboronate respectively. 
                                                                                                                                                                             
(5) T.; Yamamoto, Y.; Miyaura, N. J. Am. Chem. Soc. 2000, 122, 4990-4991.    
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Cross-metathesis (CM) offers a much more direct way to access vinylboronates 
from olefins, rather than through a multi-step sequence from alkynes.6 Grubbs  and co-
workers have reported Ru-
catalyzed CM of a variety of 
terminal olefins with 
vinyl(pinacolato)boron 5.17 
(Figure 5.5), including 1-decene, which provides boronate 5.18 in 83% yield, 90:10 E:Z 
in the presence of 5 mol % Ru-catalyst 5.16. Other example include 3-methylbuten-3-ol, 
which delivers boronate 5.19 in 61% yield, >98:2 E:Z, and styrene, which affords 
boronate 5.20 in 92% yield, >98:2 E:Z. Ru-catalyzed vinyl boronate cross-metathesis 
thus allows access to E vinyl boronates in high yield and high E-selectivity, without use 
of harsh reagents (such as n-butyllithium or HBBr2). E-vinylboronates can be readily 
converted to E vinyl iodides (such as 5.21) simply by treatment with iodine and NaOH in 
                                                          
(6) Morrill, C.; Grubbs, R. H. J. Org. Chem. 2003, 68, 6031-6034.  
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THF; the olefin geometry can be inverted by treatment of the E-vinylboronate with Br2 
and NaOMe in MeOH, delivering Z vinyl bromide 5.22. The scope of E-selective vinyl 
boronate CM is broad because the catalyst tolerates a range of functional groups 
including an allylsilane, benzoyl ester, and phthalimide group, and yields are moderate to 
high (58-99% yield) and selectivity is high in all cases (89:11 to >98:2 E:Z). 
Grubbs and co-workers have also reported a related transformation in which 
isopropenyl(pinacolato)boron 5.23 undergoes CM with a variety of terminal olefins, 
delivering Z-trisubstituted vinyl boronates (Figure 5.6).7,8 Unlike the disubstituted olefin 
CM, CM to form trisubstituted vinyl boronates proceeds with low to moderate conversion 
(17-59% yield) and in some cases Z-selectivity is low; for example, when 1,1-
disubstituted vinyl boronate 
5.24 is used, in the presence 
of 5 mol % Ru-catalyst 5.16 
and 1 equiv 5-hexenyl 
acetate, after 12 h 
trisubstituted vinyl boronate 
5.25 is obtained in only 40% yield as a 1:1 mixture of E/Z isomers. In other cases Z-
selectivity is substantially improved, for example, under the same conditions as were 
used to synthesize boronate 5.25, with 2 equiv boronate 5.23, trisubstituted vinyl 
boronate 5.26 is obtained in 59% yield and >98:2 Z:E. The fundamental limitation 
                                                          
(7) Morrill, C.; Funk, T. W.; Grubbs, R. H. Tetrahedron Lett. 2004, 45, 7733-7736.  
(8) For other representative methods for synthesizing trisubstituted vinylboronates, see: (a) Wang, C.; 
Tobrman, T.; Xu, Z.; Negishi, E. Org. Lett. 2009, 11, 4092-4095; (b) Moure, A. L.; Arrayás, R. G.; 
Cárdenas, D. J.; Alonso, I.; Carretero, J. C. J. Am. Chem. Soc. ASAP, 2012.  
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present in both the trisubstituted and the disubstituted Ru-catalyzed CM is that only one 
olefin geometry is accessible (for disubstituted only the E olefin, for trisubstituted only 
the Z olefin); there thus exists a need to develop a complementary method in which the Z 
disubstituted and E trisubstituted olefins can be stereoselectively synthesized. 
5.2 Mo-Catalyzed Z-Selective Cross-Metathesis of Vinyl(pinacolato)boron  
Having explored Z-selective CM of allylic amides and enol ethers (see Chapter 
4), we turned our attention to developing a Z-selective CM of vinyl(pinacolato)boron 
(5.17, Figure 5.7). In our initial observation we found that in the presence of 5 mol % 
Mo-catalyst 5.27, with five equiv boronate 5.17 and one equiv allylbenzene, after 18 h in 
a sealed vial, Z vinyl boronate 5.28 was obtained in 56% conv, 96:4 Z:E. Additionally, to 
our surprise, unlike the amides and enol ethers, there was no observable benefit to 
running the reaction under a low vacuum (100 torr); higher vacuum could not be utilized 
due to the volatility of 5.17. With this promising result, we began to screen catalysts in 
this transformation, and we found that by changing from the adamantylimido group in 
catalyst 5.27 to the 2,6-diisopropylphenylimido complex 5.29, there was a marked 
improvement in conversion accompanied by a significant decrease in selectivity (76% 
conv, 87:13 Z:E). When we employed 2,6-dimethylphenylimido complex 5.30, selectivity 
was restored and conversion was improved even further (95% conv, 93:7 Z:E). The trend 
observed between catalysts 5.27, 5.29, and 5.30 demonstrates two distinct features of 
mono-aryloxide/mono-pyrrolide Mo-catalysts: 1) a more sterically exposed catalyst leads 
to increases reactivity but decreased catalyst lifetime (hence adamantylimido complex 
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5.27 has the lowest conversion because it is too-short lived under these conditions); and 
2) in order to obtain high Z-selectivity, there must be a significant size difference 
between the imido substituent and the aryloxide. Thus admantyl is the smallest of the 
three and has the highest selectivity, followed by the slightly larger 2,6-dimethylphenyl, 
while the worst selectivity is observed for the bulky 2,6-diisopropylphenyl group.  
Continued screening further illustrated this trend: when o-
trifluoromethylphenylimido complex 5.31 was used, high conversion and selectivity were 
observed (98% conv, 93:7 Z:E). The increased conversion is likely due to the enhanced 
Lewis-acidity of the Mo-center (leading to a lower barrier to olefin binding). When 2,6-
dichlorophenylimido complex 5.32 was used, conversion was high but the reaction 
provided predominantly the E isomer after 18 h (92% conv, 70:30 E:Z). When the 
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reaction was stopped at six hours, conversion had only decreased slightly and olefin 
geometry had been reversed, although the selectivity remained low (89% conv, 60:40 
Z:E). Complex 5.32 is therefore so reactive that it efficiently forms the disubstituted 
olefin and then immediately begins to isomerize it.  
We next varied the halide of the aryloxide ligand, using the 2,6-
dimethylphenylimido group, and we found that iodo-complex 5.33 delivered similar 
reactivity and slightly improved selectivity vs complex 5.30 (92% conv, 96:4 Z:E). When 
the size of the halide was decreased, chloro-complex 5.34 provided similar reactivity and  
slightly reduced selectivity (95% conv, 91:9 Z:E). When the size of silyl group was 
decreased from TBS to TES, complex 5.35 was found to be more reactive but less 
selective (96% conv, 88:12 Z:E). When the Br groups on complex 5.35 were substituted 
for F (complex 5.36), selectivity decreased even further (97% conv, 67:33 Z:E). The 
trends observed for these additional catalysts clearly show that as the size of the aryloxide  
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is decreased, Z-selectivity diminishes. Diminution in selectivity could either result from 
the increased reactivity of less sterically encumbered catalysts (and thus higher likelihood 
that the catalyst isomerizes the product) or it could be due to the lack of sufficient 
difference in size between the imido substituent and the aryloxide. Finally, in contrast to  
allylic amides and enol ethers in which W catalysts were found to be ineffective 
(requiring elevated temperature for reaction to occur), we found that W-complex 5.37 
provided Z-vinyl boronate 5.28 efficiently at room temperature (66% conv, 86:14 Z:E). 
This suggests that vinyl boronate 5.17 has unusually high reactivity in CM compared to 
allylic amides and enol ethers. 
We next studied the scope of Z-selective vinyl boronate CM, and we found that 1-
decene, in the presence of 5 mol % catalyst 5.30 and 5 equiv boronate 5.17, after 24 h at 
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22 °C provides Z-vinyl boronate 5.38 in 91% conv, 65% yield, and 93:7 Z:E. The 
disparity between the conversion and the yield is because the hydrolyzed aryloxide ligand 
had to be desilylated by treatment with a stoichiometric quantity (vs boronate 5.38) of 
TBAF prior to silica gel chromatography; catalytic amounts of TBAF did not desilylate 
the ligand in the crude reaction mixture. The reaction also worked well for a silyl ether, 
furnishing boronate 5.39 in 94% conv, 73% yield, and 93:7 Z:E (no desilylation was 
required in this case). Allyl(pinacolato)boron was also a suitable substrate, delivering 
vinyl allyl boronate 5.40 in 93% conv, 64% yield, 94:6 Z:E. We also examined 1,3-
decadiene and found that under the same reaction conditions, dienyl boronate 5.41 was 
obtained in 91% conv, 72% yield (again following ligand desilylation), and 93:7 Z:E. 
Also, N-allylphthalimide was compatible with this system, providing amide 5.42 in 87% 
conv, 73% yield, 93:7 Z:E. Finally, even n-butylvinyl ether was tolerated, although 
conversion and selectivity were moderate, providing vinyl ether 5.43 in 67% conv and 
87:13 Z:E. 
 Previously, during studies of allylic amide and enol ether CM, we had found that 
styrenes generally gave <10% conv, presumably due both to the steric bulk of styrene as 
well as the electronic characteristics; however, we were surprised to find that in the  
presence of vinyl boronate 5.17, styrene was a very efficient cross partner, delivering 
78% conv and 95:5 Z:E. For optimal conversion, two sequential additions of 5 mol % 
Mo-catalyst 5.27 were used (the second addition being at 6 hours after the start of the 
reaction). When p-methoxystyrene was used, with 5 mol % Mo-catalyst 30, vinyl 
boronate 5.46 was obtained in 44% conv, 89:11 Z:E, and when 3,4,5-trimethoxystyrene 
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was used, a similar result was found for boronate 5.45 (38% conv, 87:13 Z:E). It is worth 
noting that boronate 5.46 could be converted to the clinical chemotherapeutic agent 
combrestatin A4 , 5.48, in a single step by Suzuki-Miyaura cross-coupling.9 Additionally, 
2-vinylbenzyothiophene was found to be a suitable cross-partner, providing heterocycle 
5.47 38% conv, 87:13 Z:E (using the same conditions that were optimal for styrene). 
Although yields are moderate for these last two cases, it is remarkable that any 
conversion is observed given how unreactive styrene was with allylic amides and enol 
ethers. These promising results suggest future screening may reveal a better catalyst for 
these aromatic olefins.  
We next turned our attention to an application of vinyl boronate CM in the total 
synthesis of disorazole C1 (5.49, Figure 5.10), a macrocyclic polyketide that was 
originally isolated as a minor component from the fermentation broth from the 
myxobacterium Sorangium cellulosum in 1994.10 Disorazole C1 disrupts microtubulin 
polymerization and inhibits cell growth in a variety of cancer cell lines (with an average 
IC50 of 1.7 ± 0.6 nm).
11 Disorazole C1 has been the subject of a variety of synthesis 
studies and was first synthesized by Wipf and co-workers in 2006.12 In addition, 
derivatives of disorazoles have also been accessed through total synthesis: Wipf et al. 
                                                          
(9) Odlo, K.; Klaveness, J.; Rongved, P.; Hansen, T. V. Tetrahedron Lett. 2006, 47, 1101-1103.   
(10) Jansen, R.; Irschik, H.; Reichenbach, H.; Wray, V.; Hofle, G. Liebigs Ann. Chem. 1994, 759-773.  
(11) Tierno, M. B.; Kitchens, C. A.; Petrik, B.; Graham, T. H.; Wipf, P.; Xu, F. L.; Saunders, W. S.; 
Raccor, B. S.; Balachandran, R.; Day, B. W.; Stout, J. R.; Walczak, C. E.; Ducruet, A. P.; Reese, C. E.; 
Lazo, J. S. J. Pharmacol. Exp. Ther. 2009, 328, 715-722. 
(12) (a) Wipf, P.; Graham, T. H. J. Am. Chem. Soc. 2006, 126, 15346-15347; (b) Hillier, M. C.; Park, D. 
H.; Price, A. T.; Ng, R.; Meyers, A. I. Tetrahedron Lett. 2000, 41, 2821-2824; (c) Hillier, M. C.; Price, A. 
T.; Meyers, A. I. J. Org. Chem. 2001, 66, 6037-6045; (d) Hartung, I. V.; Niess, B.; Haustedt, L. O.; 
Hoffmann, H. M. R. Org. Lett. 2002, 4, 3239-3242; (e) Niess, B.; Harung, I. V.; Haustedt, L. O.; 
Hoffmann, H. M. R. Eur. J. Org. Chem. 2006, 1132-1143. 
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synthesized a cyclopropyl containing derivative 5.49 and Kalesse et al. have accessed a 
disorazole containing a truncated monomer 5.51.13 Wipf et al. installed the Z,Z,E triene 
through a Sonagashira coupling to form a diene-yne, followed by Lindlar reduction of the 
alkyne moiety. CM offers a different disconnection that does not require partial 
hydrogenation.12a We envisioned deconstructing disorazole C1 to the monomer fragment 
5.52, which could be dimerized either a) in a single lactonization step, as Kalesse et al. 
have shown, or b) through step-wise esterification, deprotection, and macrolactonization  
                                                                                                                                                                             
Hoffmann, H. M. R. Org. Lett. 2002, 4, 3239-3242; (e) Niess, B.; Harung, I. V.; Haustedt, L. O.; 
Hoffmann, H. M. R. Eur. J. Org. Chem. 2006, 1132-1143. 
(13) (a) Hopkins, C. D.; Schmitz, J. C.; Chu, E.; Wipf, P. Org. Lett. 2011, 13, 4088-4091; (b) Schackel, R.; 
Hinklemann, B.; Sasse, F.; Kalesse, M. Angew. Chem. Int. Ed. 2010, 49, 1619-1622.  
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similar to the strategy Wipf and co-workers used to access 5.49. The Z,Z,E triene moiety 
would be installed by Suzuki-Miyaura cross-coupling of a Z-vinyl iodide 5.53 and a Z,E-
dienylboronate 5.54, which has been previously shown to be an effective method for 
polyene synthesis.14 Vinyl iodide 5.53 can be accessed through iodination of the 
corresponding Z-vinyl boronate 5.55,6 and 5.55 would be synthesized using Mo-catalyzed 
CM; additionally, boronate 5.54 would likewise be accessed by CM of the corresponding 
                                                          
(14) Lee, S. J.; Gray, K. C.; Paek, J. S.; Burke, M. D. J. Am. Chem. Soc. 2008, 130, 466-468. 
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E-diene 5.56. Wipf and co-workers have developed a seven step synthesis of diene 5.57, 
and we envisioned using a similar strategy to access diene 5.58. The central challenge of 
the synthesis thus rested in accessing the diene fragment 5.56.  
Synthesis of the diene fragment commenced with preparation of previously 
reported pentadienoic ester 5.59 from diethyl malonate (Figure 5.11).15 Ester 5.59 was 
reduced with dibal-H, and the resulting unpurified alcohol was subjected to MnO2 
oxidation to deliver aldehyde 5.60 in 78% yield over 2 steps (NOTE: this aldehyde is 
extremely volatile and so the material was partially contaminated with Et2O).
16 Aldehyde 
5.60 was then subjected to a Reformatsky reaction, delivering hydroxyester 5.61 in 42% 
yield.17 With ester 5.61 in hand, the hydroxyl group was methylated using Me3OBF4 and 
proton sponge, providing methyl ether 5.62 in 62% yield. The ester group of 5.62 was 
then hydrolyzed, providing lithium carboxylate 5.63 in 52% yield, and 5.63 was coupled 
to the methyl ester of L-serine using edc and hobt, furnishing amide 5.64 in 51% yield. 
Amide 5.64 was then subjected to cyclodehydration conditions reported by Wipf et al., 
and this delivered oxazole 5.56 in 29% yield over two steps.18 Oxazole 5.56 was thus 
obtained in 1% overall yield over nine steps without optimization. 
 With a few milligrams of oxazole 5.56 in hand we attempted the critical Mo-
catalyzed CM step; due to the small scale, 20 mol % of Mo-catalyst 5.30 and 10 equiv of 
                                                          
(15) Rodriguez, J. Waegall, B. Synthesis, 1988, 545-545; For preparation of ethyl hydrogen malonate, see: 
Breslow, D.; Baumgarten, E.; Hauser, C. R. J. Am. Chem. Soc. 1944, 66, 1286-1288.   
(16) For an alternative, easily scalable procedure for synthesis of aldehyde 5.60, see: Woods, G. F.; 
Sanders, H. J. Am. Chem. Soc. 1946, 68, 2483-2485.   
(17) Procedure was adapted from a report by Johnson et al., see: Greszler, S. N.; Malinowski, J. T.; 
Johnson, J. S. J. Am. Chem. Soc. 2010, 132, 17393-17395. 
(18) Hopkins, C. D.; Schmitz, J. C.; Chu, E. Wipf, P. Org. Lett. 2011, 13, 4088-4091.  
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boronate 5.17 were used. After 24 h at 22 °C, the dienylboronate 5.54 was obtained in 
83% yield as a single olefin isomer (presumably Z), with complete consumption of the 
starting material observed. This route thus allows access to the vinylboronate fragment 
required for the Pd-catalyzed cross-coupling of the monomer for disorazole C1. 
Preparation of the homoallylic ether fragment 5.55 will be the next challenge for this new 
synthetic method. 
5.3 Mo-Catalyzed Z-Selective Cross Metathesis of Allyl Boronates  
During the course of our studies in vinyl boronate CM, we also examined the CM 
of allyl(pinacolato)boron (5.65, Figure 5.12), and our initial observation was that in the 
presence of 5 mol % catalyst 5.28, 1 equiv boronate 5.65 and 5 equiv 1-decene, after 24 h 
at 22 °C, a Z-allyl boronate was obtained that was immediately oxidized to Z-allylic 
alcohol 5.66, which was obtained in 48% yield and 87:13 Z:E. When the Br groups on 
catalyst 5.28 were exchanged for I (complex 5.67), alcohol 5.66 was obtained in 56% 
yield and 81:19 Z:E. The decrease in selectivity and increase in yield for this system are 
likely attributable to longer catalyst lifetime, such that the iodide preserves the catalyst 
long enough to promote the reaction further, but it is also clearly isomerizing the product. 
Arylimido Mo-complexes did not yield an improvement: catalyst 5.30 provided alcohol 
5.66 in 69% yield, 78:22 Z:E after 8 h; when the Br groups of complex 5.30 were 
exchanged for F (complex 5.68), the selectivity  was further eroded (55% conv in 4 h, 
50:50 Z:E). When 2,6-dichlorophenylimido complex 5.32 was used, a similarly poor 
result was obtained (48% yield, 70:30 Z:E after 8 h). Remarkably, W-catalyst 5.37 was 
Chapter 5, page 498
the optimal catalyst for this reaction, delivering alcohol 5.66 in 63% yield and 97:3 Z:E 
after only one hour; longer reaction times improved conversion but reduced selectivity 
(after five hours, following oxidation, alcohol 5.66 was delivered in 78% yield and 65:35 
Z:E). It therefore appears that for highly sterically exposed olefins such as allyl 
boronates, W-catalysts offer a balance between reactivity and selectivity (presumably due 
to a more sluggish rate of post-metathesis isomerization). 
We examined the scope of allyl boronate CM, and we found that the reaction of a 
phenyl ester substrate with allyl boronate 5.65 and W-catalyst 5.37 was efficient, 
affording boronate 5.69 in 86% conv (Figure 5.13); boronate 5.69 was then treated with 
benzaldehyde, which delivered alcohol 5.70 in >98% conv and >98:2 dr (which indicates 
that the Z-selectivity of the allylboronate precursor must be >98:2 Z:E). Curiously, when 
N-allylphthalimide was used in place of the ester, alcohol 5.71 was obtained in 50% yield 
and as a 50:50 mixture of diastereomers. Oxidation of boronate precursor to 5.71 also 
revealed a 1:1 mixture of E/Z isomers, suggesting that the diastereomeric ratio of the 
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allylation reflects the actual E:Z ratio. Also puzzling, no Mo-complex screened revealed 
any conversion to product, suggesting that the phthalimide is somehow decomposing the 
Mo-catalyst in the presence of allyl boronate 5.65 (perhaps by coordination to 
allylboronate 5.65 followed by transfer of the allyl group to the Mo-center).  
Additionally, we found that for the more sterically encumbered substrate 
allyl(tert-butydimethylsilyl) ether, Mo-complex 5.30 was the optimal catalyst, affording 
boronate 5.72, which was used to crotylate benzaldehyde, furnishing alcohol 5.73 in 68% 
yield as a mixture of diastereomers (92:8 dr). Z-selective CM of allyl boronates is thus a 
promising avenue to explore for accessing Z crotyl boronates under mild reaction 
conditions. 
 As we explored vinyl and allyl boronate CM, we also examined the CM of other 
olefin classes, including t-butyl acrylate, trimethylallylsilane, vinyl epoxides, and 
bromohydrins. For t-butyl acrylate, we found that in the presence one equiv allylbenzene,  
two equiv t-butyl acrylate, and 5 mol % catalyst 30, after 24 h at 22 °C, Z acrylate 5.74 
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was obtained in 53% conv and 88:12 Z:E (Figure 5.14). When 1-decene was used, the 
above conditions provided Z acrylate 5.75 in 53% conv and >98:2 Z:E; when 100 torr 
vacuum was used, in the presence of three equivalents 1-decene and one equiv t-
butylacrylate, after three hours Z acrylate 5.75 was obtained in 79% conv and 95:5 Z:E. 
When 1,3-decadiene was used, this afforded Z acrylate 5.76 in 62% yield and 97:3 Z:E. 
When 8-bromo-1-octene was utilized, Z acrylate 5.77 was obtained in 62% conv and 
>98:2 Z:E. We found that acrylate CM also tolerated heteroatom containing substrates, 
albeit in low conversion: triisopropylsilylallyl ether provided Z acrylate 5.78 with 21% 
conv and >98:2 Z:E. Additionally, N-allylaniline afforded Z acrylate 5.79 with 19% conv 
and >98:2 Z:E. Finally, this system was also compatible with vinylcyclohexane, but again 
conversion was very low (Z acrylate 5.80, 19% conv and >98:2 Z:E). We suspected that 
substrate purity may have contributed to lowering the conversion in these reactions, and 
in order to address this we synthesized a variety of acrylate derivatives, including a 
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Weinreb amide (acrylate 5.81), a phenyl ester (acrylate 5.82), an n-butyl ester (acrylate 
5.83), and a N-methylimidazolyl substituted acrylate (acrylate 5.84); unfortunately, very 
low conversion was observed for all of these substrates (<10% conv in all cases).  
 Although only a single example for trimethylallylsilane was studied, the result 
was very promising: in the presence of 5 mol % catalyst 5.27, with five equiv 
trimethylallylsilane and one equiv allylbenzene, after only one hour at 22 °C, Z-
crotylsilane 5.85 was obtained in 67% yield and 82:18 Z:E (Figure 5.15). To our surprise, 
dichlorovinylepoxide 5.86 (which is an intermediate en route to the natural product 
malhamensilipin),19 vinylepoxide 5.87 (lacking Cl groups), and bromohydrin 5.88 gave 
<2% conv in the presence of a variety of Mo- and W-based catalysts with any aliphatic 
                                                          
(19) Bedke, D. K.; Shibuya, G. M.; Pereira, A. R.; Gerwick, W. H.; Vanderwal, C. D. J. Am. Chem. Soc. 
2010, 132, 2542-2543.  
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olefin. In all cases, upon addition of the catalyst solution to the olefins, the mixture turns 
dark red and the color persists throughout (this is uncharacteristic of other CM reactions, 
although enol ethers also cause the catalyst solution to change color to form a dark black 
mixture upon mixing). We hypothesized that the nucleophilic high oxidation state 
carbenes react with the vinylepoxide to form epoxide substituted alkylidene 5.89, and the 
carbene -electrons then move to open the epoxide ring, which could then form an 
oxomolybdacyclopentene (5.90). This decomposition pathway could be avoided by 
providing the catalyst with an olefin cross partner that it will preferentially react with, 
such that it rarely ever forms the epoxide substituted alkylidene; and in fact, when p-
methoxyphenyl vinyl ether is 
used, Z vinylepoxide 5.91 is 
obtained in 30% conv and  
>98:2 Z:E. Also, when 
vinyl(pinacolato)boron is 
used, Z vinylepoxide 5.92 is obtained in 19% yield and >98:2 Z:E. Although the yield is 
low, this result is another example of the unique reactivity of vinyl(pinacolato)boron, 
since it appears that for electronic reasons, the catalyst preferentially reacts with the 
boronate to form a stabilized boronate substituted alkylidene; a similar effect is observed 
with enol ethers (see Chapter 4). 
 We next set out to see whether the special reactivity properties of vinyl boronates 
would allow us to tackle another major challenge in CM: CM of 1,1-disubstituted olefins 
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to form Z-trisubstituted olefins (Figure 5.16). As in the case of the vinylepoxides and 
bromohydrins, CM of 1,1-disubstituted olefins such as 2-methylheptene has yielded <2% 
conv to product (only recovered SM is observed) with a range of Mo-based catalysts. 
Curiously, when the 2-methylheptene is used in excess, very little (<2%) dimer of the 
terminal olefin is observed, suggesting that 2-methylheptene reacts with the Mo-
alkylidene to form a 1,1-disubstituted alkylidene which then does not propagate any 
further. However, when two equiv isopropenyl(pinacolato)boron 5.23 is used, in the 
presence of one equiv t-butyldimethylsilylallyl ether and 10 mol % Mo-catalyst 5.27 
(added in two portions of 5 mol %, with the second addition after six hours), after 18 h at 
22 °C, trisubstituted E-
vinyl boronate 5.93 was 
obtained in 42% conv, 
27% yield, and 85:15 E:Z. 
It is worth noting that this 
is the opposite olefin 
geometry obtained vs the method reported by Grubbs and co-workers.7 This observation 
shows that vinylboronates possess unique reactivity properties in Mo- and W-catalyzed 
Z-selective CM, and opens the door to developing a new method for the synthesis of Z-
trisubstituted olefins through the combination of CM and Pd- or Ni-catalyzed cross-
coupling reactions. 
 In addition to exploring Z-selective CM, we also examined whether our chiral 
Mo-catalysts could promote Z- and enantioselective CM (Figure 5.17). In the presence of  
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five equiv p-methoxyphenyl vinyl ether, one equiv diene 5.94, 5 mol % Mo-catalyst 5.30, 
after 12 h at 22 °C, Z-enol ether 5.95 was obtained in 31% conv, 29% yield, >98:2 Z:E, 
and 60:40 er (Figure 5.17). When dichloro Mo-complex 5.32 was used, 23% conv, 12% 
yield, >98:2 Z:E, and 82:18 er was observed. Additonally, when trifluoromethyl Mo-
complex 5.31 was used, 41% conv, 24% yield, >98:2 Z:E, and 85:15 er was observed. To 
the best of our knowledge, these Mo-catalyzed enantioselective CM results are the most 
enantioselective CM reactions ever observed (the highest previously reported er for 
enantioselective CM is 76:24 er).20 Enantio- and Z-selective desymmetrization is 
therefore a whole new frontier to explore, and also presents the opportunity for further 
catalyst development.  
 Finally, one final substrate class we examined in boronate cross metathesis is the 
CM of allenyl(pinacolato)boron (5.96, Figure 5.18). To our surprise, boronate 96 did not 
provide any CM product whatsoever (<2% conv) with any Mo- or W-based catalyst 
screened; analysis of the 1H NMR, however, revealed that the catalyst had initiated 
(presence of neophyllidene), suggesting that the catalyst initiates with boronate 5.96 and 
forms a stable allenylidene complex that is a thermodynamic sink for the catalyst. We 
turned to see whether our Ru-catalysts could be used for enantioselective ring-
                                                          
(20) Berlin, J. M.; Goldberg, S. D.; Grubbs, R. H. Angew. Chem. Int. Ed. 2006, 45, 7591-7595.  
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opening/cross-metathesis (ROCM) of boronate 96, and although our chiral Ru-catalysts 
(5.100 and 5.101) did not provide any ROCM product after 24 h at 22 °C, in the presence 
of five equiv boronate 5.96 and one equiv cyclopropene 5.97, and 5 mol % achiral Ru-
catalyst 5.98, >98% conv of cyclopropene was observed and allene 5.99 was obtained in 
what appears to be >98:2 dr. We have yet to examine whether other chiral catalysts are 
capable of reacting with cyclopropene to provide access to enantiomerically enriched 
allenes such as 5.99, but if this could be done this reaction would allow us to 
simultaneously set a stereogenic center and a stereogenic axis through olefin metathesis, 
and thus enantioselective allenylboronate CM will also be a promising area to explore 
going forward.  
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5.4 Experimentals 
General. Infrared (IR) spectra were recorded on a Bruker FTIR Alpha (ATR 
Mode) spectrometer, max in cm
-1. Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 
400 (400 MHz), or 500 (500 MHz) spectrometers. Chemical shifts are reported in ppm 
from tetramethylsilane with the solvent resonance resulting from incomplete deuteration 
as the internal reference (CDCl3: δ 7.26, C6D6: δ 7.16). Data are reported as follows: 
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, br = broad, m 
= multiplet, app = apparent), and coupling constants (Hz). 13C NMR spectra were 
recorded on Varian Unity INOVA 400 (100 MHz) or 500 (125 MHz) spectrometers with 
complete proton decoupling. Chemical shifts are reported in ppm from tetramethylsilane 
with the solvent resonance resulting from incomplete deuteration as the internal reference 
(CDCl3: δ 77.16, C6D6: δ 128.06). 
31P NMR spectra were recorded on Varian Unity 
INOVA 400 (100 MHz) or 500 (125 MHz) spectrometers. Chemical shifts are reported in 
ppm from a H3PO4 external reference standard. High-resolution mass spectrometry was 
performed on a Micromass LCT ESI-MS (positive mode) at the Boston College Mass 
Spectrometry Facility.  
Materials. All reactions were carried out in oven-dried (135 °C) or flame-dried 
glassware under an inert atmosphere of dry N2 unless otherwise stated. Solvents were 
purged with argon and purified under a positive pressure of dry argon by a modified 
Innovative Technologies purification system: diethyl ether (Aldrich), and 
dichloromethane (Aldrich) were passed through activated alumina columns; benzene 
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(Aldrich), and n-pentane (J. T. Baker) were passed successively through activated Cu and 
alumina columns. n-Pentane was allowed to stir over concentrated H2SO4 for three days, 
washed with water, followed by a saturated aqueous solution of NaHCO3, dried over 
MgSO4, and filtered before use in a solvent purification system. Tetrahydrofuran 
(Aldrich) was distilled from sodium benzophenone ketyl. Ethanol (Aldrich) was distilled 
from Mg/I2. Anhydrous acetonitrile (Aldrich) was used as received. N,N-
Dimethylformamide (Acros; extra dry with molecular sieves) was used as received. 
Triethylamine was purchased from Aldrich and distilled over CaH2 prior to use. 
Allenyl(pinacolato)boron was purchased from Frontier and distilled from CaH2 on to 4 
Å MS prior to use. 
Allyl alcohol was purchased from Aldrich and used as received. 
Allylbenzene was purchased from Aldrich and distilled over CaH2 prior to use. 
Allyl tert-butyldimethylsilyl ether was synthesized from allyl alcohol, tert-
butyldimethylsilyl chloride, and imidazole in DMF. The silyl ether was purified by silica 
gel chromatography (hexanes eluent) and distilled from CaH2 prior to use. 
N-allylphthalimide was prepared according to a literature procedure.21 
Allyltrimethylsilane was purchased from Aldrich and distilled from CaH2 prior to use. 
tert-Butylacrylate was purchased from Aldrich and distilled from CaH2 prior to use. 
                                                          
(21) Abulikemu, A.; Halász, G.; Csámpai, A.; Gömöry, A.; Rábai, J. J. Fluorine Chem. 2004, 125, 1143-
1146. 
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n-Butylvinyl ether was purchased from Aldrich and distilled from CaH2 prior to use. 
Allyl(pinacolato)boron was purchased from Frontier and distilled from CaH2 prior to 
use. 
Bromotrichloromethane was purchased from Aldrich and used as received. 
tert-Butyldimethylsilyl chloride was purchased from Oakwood and used as received. 
1-Decene was purchased from Aldrich and distilled over CaH2 prior to use. 
(E)-1,3-Decadiene was synthesized from trans-2-nonenal by Wittig olefination using 
methyltriphenylphosphonium bromide and NaHMDS in THF. The diene was purified by 
distillation from CaH2 prior to use.  
Diethylaminosulfur trifluoride (DAST) was purchased from Aldrich and used as 
received. 
1,8-Diazabicycloundec-7-ene was purchased from Aldrich and used as received. 
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride was purchased from 
Advanced ChemTech and used as received. 
Ethyl 2,4-pentadienoate (5.59) was prepared according to a literature procedure.15 
1-Hydroxybenzotriazole was purchased from Advanced ChemTech and used as 
received. 
Imidazole was purchased from Aldrich and used as received. 
Chapter 5, page 509
Isopropenyl(pinacolato)boron was purchased from Frontier and purified following the 
procedure described below for vinyl(pinacolato)boron. 
Lithium hydroxide was purchased from Aldrich and used as received. 
p-Methoxystyrene was purchased from Aldrich and distilled over CaH2 prior to use. 
Methyl -bromoacetate was purchased from Aldrich and used as received.  
Methyltriphenylphosphonium bromide was purchased from Aldrich and dried under 
high vacuum at 100 °C for 24 hours prior to use. 
trans-2-Nonenal was purchased from Aldrich and used as received. 
Palladium tetrakis(triphenylphosphine) was purchased from Strem and used as 
received. 
Proton sponge was purchased from Acros and used as received.  
L-Serine methyl ester hydrochloride was purchased from Advanced ChemTech and 
used as received. 
Sodium hexamethyldisilylamide was purchased from Aldrich and used as received. 
Styrene was purchased from Aldrich and distilled over CaH2 prior to use. 
3,4,5-Trimethoxybromobenzene was purchased from Aldrich and used as received. 
3,4,5-Trimethoxystyrene was prepared by Suzuki-Miyarua cross-coupling of 3,4,5-
trimethoxybromobenzene and vinyl(pinacolato)boron through the use of palladium 
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tetrakis(triphenylphosphine). The product was purified by silica gel chromatography 
(2.5% ethyl acetate in hexanes eluent).  
Trimethyloxonium tetrafluoroborate was purchased from Aldrich and used as 
received. 
Vinyl(pinacolato)boron was purchased from Aldrich and was purified according to the 
following procedure: the boronate was stirred with CaH2 under N2 for one hour, then 
distilled under vacuum (while gently heating flask with heat gun) onto oven dried 4 Å 
MS. The distillate is then transferred by syringe under N2 to a new distillation apparatus, 
and the above distillation process is repeated once more. The boronate is transferred off 
of the molecular sieves and stored at -60 °C in the glovebox freezer.  
2-Vinylthiophene was prepared according to a literature procedure.22 
Zinc dust was purchased from Strem and activated by washing for 10 seconds with 10% 
aqueous HCl, followed by water, followed by ethanol, followed by ether, and drying 
under high vacuum for 24 h prior to use. 
Representative experimental procedure for vinylboronate CM: (Z)-2-(3-(4,4,5,5-
Tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)isoindoline-1,3-dione (5.42). In an N2 filled 
glovebox an oven-dried 20 mL vial equipped with a stirbar was 
charged with 26.0 mg N-allylphthalimide and 108.2 mg 
vinyl(pinacolato)boronate (5.17). 62 L of a solution of Mo-catalyst 5.30 in benzene (0.1 
                                                          
(22) Marrocchi, A.; Minuti, L.; Taticchi, A.; Scheeren, H. W. Tetrahedron, 2001, 57, 4959-4965.  
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M, 0.0062 mmol, 5 mol %) was then added, vial was sealed and allowed to stir for 24 h at 
22 ˚C in the glovebox. Reaction was quenched by addition of wet CDCl3, and crude 
product was found to be 95% Z by 400 MHz 1H NMR analysis. Mixture was 
concentrated to a brown oil, and the product was purified by silica gel chromatography 
(gradient elution, 5-10% EtOAc/hexanes), delivering 31.8 mg  phthalimide 5.42 (0.102 
mmol, 73% yield) of the product as a white crystalline solid (m.p. = 63-66 ˚C). 1H NMR 
(CDCl3, 400 MHz), Z-isomer:  7.85-7.80 (2H, m), 7.71-7.67 (2H, m), 6.35-6.28 (1H, 
m), 5.56 (1H, apparent dt, J = 13.6, 2.0 Hz), 4.67 (2H, dd, J = 6.4, 2 Hz), 1.31 (12H, s); 
13C NMR (CDCl3, 100 MHz): 168.2, 146.6, 134.0, 132.4, 123.3, 83.6, 39.2, 25.0; IR 
(thin film): 2978 (w), 2923 (w), 1770 (w), 1709 (s), 1634 (m), 1613 (w), 1468 (w), 1427 
(m), 1389 (m), 1371 (m), 1347 (m), 1317 (m), 1295 (m), 1278 (m), 1258 (m), 1212 (w), 
1188 (w), 1167 (w), 1141 (m), 1119 (w), 1105 (w), 1089 (w), 1072 (w), 1018 (w), 1000 
(w), 967 (m), 943 (m), 877 (m), 844 (w), 832 (m), 797 (w), 759 (m), 723 (s), 696 (w), 
673 (w), 600 (w), 578 (w), 530 (m), 464 (w), 425 (w), 411 (w) cm-1; HRMS (ESI+) 
[M+H+] calcd 314.1564 found: 314. 1558;  
(Z)-4,4,5,5,-Tetramethyl-2-(3-phenylprop-1-en-yl)-1,3,2-dioxaborolane (5.28): 
Following the general cross-metathesis procedure, with 23.6 mg 
allylbenzene, 154.8 mg boronate 5.17, and 100 L 0.1 M Mo-catalyst 
5.31, boronate 5.28 was obtained in 98% conv and 93:7 Z:E. Following ligand 
desilylation using KF/MeOH, 25.7 mg (0.105 mmol, 53% yield) boronate 5.28 was 
obtained as a clear, colorless oil. 1H NMR (CDCl3, 400 MHz), Z-isomer:  7.32-7.18 
(5H, m), 6.60-6.53 (1H, m), 5.45 (1H, apparent dt, J = 13.2, 1.2 Hz), 3.78 (2H, d, J = 7.6 
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Hz), 1.31 (12H, s); 13C NMR (CDCl3, 100 MHz): 152.8, 140.8, 128.8, 128.6, 126.1, 
83.2, 38.8, 25.0; IR (thin film): 3062 (w), 3027 (w), 2978 (w), 2928 (w), 1626 (m), 1601 
(w), 1495 (w), 1453 (w), 1434 (w), 1419 (w), 1390 (m), 1371 (w), 1323 (m), 1301 (w), 
1279 (w), 1258 (w), 1214 (s), 1164 (w), 1142 (s), 1110 (w), 1075 (w), 1030 (w), 1005 
(w), 967 (w), 922 (w), 877 (w), 846 (w), 745 (s), 698 (s), 676 (w), 578 (w), 556 (w), 523 
(w), 484 (w), 466 (w), 440 (w) cm-1; HRMS (ESI+) [M+H+] calcd 245.1713 found: 
245.1704; 
(Z)-tert-Butyldimethyl((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)allyl)oxy)silane (5.39): Following the general cross-metathesis procedure, with 20.9 
mg tert-butyldimethylsilylallyl ether, 46.6 mg boronate 5.17, and 29 L 0.1 M Mo-
catalyst 5.30, boronate 5.39 was obtained in 94% conv and 94:6 Z:E, and 
following purification by silica gel chromatography, 25.8 mg (0.086 
mmol, 71% yield) boronate 5.39 was obtained as a clear, colorless oil. 1H NMR (CDCl3, 
400 MHz), Z-isomer:  6.54-6.47 (1H, m), 5.39 (1H, apparent dt, J = 13.6, 1.2 Hz), 
4.51-4.48 (2H, d, m), 1.26 (12H, s), 0.91 (9H, s), 0.07 (6H, s); 13C NMR (CDCl3, 100 
MHz): 154.2, 83.3, 63.4, 26.2, 25.0, 18.5, -4.9; IR (thin film): 2979 (w), 2956 (w), 
2929 (w), 2887 (w), 2857 (w), 1632 (w), 1471 (w), 1434 (w), 1420 (w), 1389 (w), 1371 
(w), 1321 (w), 1298 (w), 1258 (m), 1213 (w), 1144 (m), 1083 (s), 1037 (w), 1005 (w), 
969 (w), 939 (w), 877 (w), 832 (s), 774 (m), 733 (w), 670 (w),   cm-1; HRMS (ESI+) 
[M+H+] calcd 299.2214 found: 299.2211; 
 
 
Chapter 5, page 513
2-((1Z,3E)-Deca-1,3-dien-1-yl)-4,4,5,5,-tetramethyl-1,3,2,-dioxaborolane (5.41). 
Following the general cross-metathesis procedure, with 22.4 mg 1,3-decadiene, 64.3 mg 
boronate 5.17, and 42 L 0.1 M Mo-catalyst 5.30, boronate 5.41 
was obtained in >98% conv and 89:11 Z:E. Following ligand 
desilylation using KF/MeOH, 24.6 mg (0.0842 mmol, 52% yield) boronate 5.41 was 
obtained as a clear, colorless oil. 1H NMR (CDCl3, 400 MHz), Z-isomer:  6.89-6.79 
(2H, m), 5.87-5.79 (1H, m), 5.28-5.21 (1H, m), 2.17-2.07 (2H, m), 1.44-1.23 (22H, m), 
0.89 (3H, t, J = 6.8 Hz); 13C NMR (CDCl3, 100 MHz): 151.2, 140.4, 130.8, 83.1, 32.9, 
31.9, 29.2, 29.1, 25.0, 24.9, 22.8, 14.3; IR (thin film): 2978 (w), 2958 (w), 2926 (w), 
1641 (w), 1589 (w), 1466 (w), 1424 (w), 1389 (w), 1370 (w),  1328 (w), 1299 (w), 1279 
(w), 1256 (s), 1215 (w), 1144 (s), 1110 (w), 1007 (w), 965 (m), 880 (w), 847 (w), 766 
(w) cm-1; HRMS (ESI+) [M+H+] calcd 265.2339 found: 265.2328; 
(Z)-2-(Dec-1-en-1-yl)-4,4,5,5,-tetramethyl-1,3,2-dioxaborolane (5.38). 
Following the general cross-metathesis procedure, with 52.7 mg 1-decene , 256 mg 
boronate 5.17, and 202 L 0.1 M Mo-catalyst 5.30, boronate 
5.38 was obtained in 91% conv and 89:11 Z:E. Following ligand 
desilylation using KF/MeOH, 60.6 mg (0.228 mmol, 61% yield) boronate 5.38 was 
obtained as a clear, colorless oil. 1H NMR (CDCl3, 400 MHz), Z-isomer:  6.46-6.39 
(1H, m), 5.32 (1H, dd, J = 14.8, 1.2 Hz), 2.41-2.27 (2H, m), 2.17-2.07 (2H, m), 1.26 
(24H, br s), 0.88 (3H, t, J = 6.8 Hz); 13C NMR (CDCl3, 100 MHz): 155.4, 82.9, 32.3, 
32.1, 29.6, 29.6, 29.4, 29.2, 25.0, 24.9, 22.8, 14.3 ; IR (thin film): 2978 (w), 2957 (w), 
2924 (m), 2854 (w), 1628 (m), 1436 (m), 1422 (w), 1370 (w), 1318 (w), 1280 (s), 1259 
Chapter 5, page 514
(w), 1215 (w), 1144 (s), 968 (w), 878 (w), 847 (w), 758 (w) cm-1; HRMS (ESI+) 
[M+H+] calcd 267.2495 found: 267.2486; 
(Z)-4,4,5,5-Tetramethyl-2-styryl-1,3,2-dioxaborolane (5.44). 
Following the general cross-metathesis procedure, with 17.6 mg styrene , 130 mg 
boronate 5.17, and 85 L 0.1 M Mo-catalyst 5.30, boronate 5.44 was 
obtained in 30% conv and 89:11 Z:E, and following silica gel 
chromatography, 7.5 mg (0.032 mmol, 22% yield) boronate 5.44 was obtained as a clear, 
colorless oil. 1H NMR (CDCl3, 400 MHz), Z-isomer:  7.55 (1H, d, J = 8 Hz) 7.37-7.20 
(5H, m), 5.59 (1H, d, J = 14.8 Hz), 1.27 (12H, s); 13C NMR (CDCl3, 100 MHz): 148.3, 
138.6, 128.8, 128.7, 128.2, 128.1, 127.2, 83.6, 24.9; IR (thin film): 3059 (w), 2978 (w), 
2930 (w), 1618 (m), 1576 (w), 1495 (w), 1452 (w), 1418 (w), 1389 (w), 1371 (w), 1351 
(w), 1318 (w), 1255 (s), 1229 (w), 1212 (s), 1140 (w), 1109 (w), 1075 (w), 1029 (w), 
1001 (w), 967 (m), 917 (w), 883 (w), 851 (m), 835 (w), 809 (w), 777 (w), 749 (w), 692 
(s), 671 (w), 643 (w), 578 (w), 543 (w), 484 (w), 462 (w), 432 (w) cm-1; HRMS (ESI+) 
[M+H+] calcd 231.1556 found: 231.1567; 
(E)-Methyl-3-hydroxyhepta-4,6-dienoate (5.61). The Reformatsky reaction was carried 
out following a modified literature procedure.23 An oven dried 100 mL 
round bottom flask equipped with stirbar and reflux condenser was charged with 
activated zinc dust (1.41 g, 21.6 mmol, 2.00 equiv). Diethyl ether (25 mL) was added, 
followed by Br2 (70 L, 1.4 mmol, 13 mol %). Mixture was heated to reflux and methyl 
-bromoacetate (1.02 mL, 10.8 mmol, 1.00 equiv) was added dropwise over  15 min. 
                                                          
(23) Greszler, S. N.; Malinowski, J. T.; Johnson, J. S. J. Am. Chem. Soc. 2010, 132, 17393-17395. 
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Mixture was refluxed for 4 h, cooled to 22 °C, titrated an aliquot with I2 (0.066M 
Reformatsky reagent). 2,4-Pentadienal (640 mg, 7.81 mmol)16  was dissolved in diethyl 
ether (20 mL), and the solution was cooled to -30 °C. Reformatsky reagent was added 
(2.00 equiv) and mixture was allowed to slowly warm to 22 °C as it stirred for 18 h. The 
reaction was quenched by addition of saturated aqueous ammonium chloride. The organic 
layer was separated, the aqueous layer was washed five times in ethyl acetate. The 
organics were pooled, washed with brine, dried with MgSO4, filtered, concentrated in 
vacuo. The resulting oil was purified by silica gel chromatography (5:1 hexanes:ethyl 
acetate eluent) to afford 404 mg (2.59 mmol, 42% yield) diene 5.61 as a clear colorless 
oil. The spectral properties of compound 5.61 were identical to those reported in the 
literature.24 
(E)-Methyl-3-methoxyhepta-4,6-dienoate (5.62). Alcohol 5.61 (50.0 mg, 0.32 mmol) 
was dissolved in CH2Cl2 (8 mL) and cooled to 0 °C. Proton sponge (686 mg, 3.20 mmol, 
10.0 equiv) was added, followed by Me3OBF4 (237 mg, 1.60 mmol, 
5.00 equiv). Mixture stirred as it slowly warmed to 22 °C over 18 h. Reaction was 
quenched in water, organic layer was separated, and the aqueous layer was extracted five 
times in CH2Cl2. The organic layers were pooled, washed four times in 5% aquoues 
CuSO4, once in 10% aqueous citric acid, once in brine, dried with MgSO4, filtered, 
concentrated in vacuo. The resulting oil was purified by silica gel chromatography to 
afford 32.8 mg (0.193 mmol, 62% yield) methyl ether 5.62 as a pale yellow oil. 1H NMR 
(CDCl3, 400 MHz):  6.34-6.18 (2H, m), 5.52 (1H, dd, J = 14.8, 7.6 Hz), 5.20 (1H, d, J 
                                                          
(24) Blakemore, P. R.; Kim, S.-K.; Schulze, V. K.; White, J. D.; Yokochi, A. F. T. J. Chem. Soc. Perkin 
Trans 1, 2001, 15, 1831-1837.  
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= 16 Hz), 5.09 (1H, d, J = 9.6 Hz), 4.06-4.01 (1H, m), 3.64 (3H, s), 3.23 (3H, s), 2.59 
(1H, dd, J = 15.2, 8.4 Hz), 2.42 (1H, dd, J = 14.8, 5.0 Hz); 13C NMR (CDCl3, 100 
MHz): ; IR (thin film): 3088 
(w), 2985 (w), 2952 (w), 2896 (w), 2823 (w), 1737 (s), 1604 (w), 1437 (w), 1365 (w), 
1299 (w), 1270 (w), 1236 (w), 1199 (w), 1174 (w), 1145 (w), 1094 (m), 1053 (w), 1004 
(m), 957 (w), 908 (w), 836 (w), 713 (w), 664 (w), 552 (w) cm-1; HRMS (ESI+) [M+H+] 
calcd 171.1021 found: 171.1024; 
(2S)-Methyl 3-hydroxy-2-((E)-3-methoxyhepta-4,6-dienamido)propanoate (5.64). 
Methyl ether 5.62 (10.0 mg, 0.0589 mmol) was dissolved in 0.5 mL THF in a 20 mL vial. 
Aqueous LiOH (50 L, 0.50 M) was added and the mixture was 
allowed to stir at 22 °C for 24 h. The resulting cloudy solution 
was diluted in CH2Cl2, and MgSO4 was added. The resulting suspension stirred for 20 
min and was then filtered and concentrated in vacuo. 400 MHz 1H NMR analysis 
revealed complete consumption of the ester to lithium carboxylate 5.63. Carboxylate 5.63 
transferred as a solution in 3 mL CH2Cl2 to a 20 mL vial containing 5.9 mg L-serine 
methyl ester hydrochloride, 7.3 mg edc, and 5.1 mg hobt. Triethylamine (300 L) was 
added, and the resulting heterogenous mixture stirred for 24 h at 22 °C. The reaction was 
quenched in water, the organic layer was separated, and the aqueous layer was extracted 
five times in CH2Cl2. The organic layers were pooled, washed three times with 10% 
aqueous citric acid, once in brine, dried with MgSO4, filtered, and concentrated in vacuo. 
The resulting solid residue was purified by silica gel chromatography (4:1 ethyl 
acetate:hexanes eluent) to afford 4.1 mg (0.0160 mmol, 51% yield) amide 5.64 as a clear, 
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colorless oil. 1H NMR (CDCl3, 400 MHz):  7.27 (0.5H, d, J = 8.4 Hz), 7.09 (0.5H, d, J 
= 7.2 Hz), 6.38-6.22 (2H, m), 5.56 (1H, dd, J = 14.8, 8.0 Hz), 5.27 (1H, d, J = 16.8 Hz), 
5.15 (1H, d, J = 10.4 Hz), 4.68-4.64 (1H, m), 4.09-4.01 (1H, m), 4.00-3.89 (2H, m), 3.78 
(3H, m), 3.32 (3H, d, J = 10.4 Hz), 2.96 (0.5H, br s), 2.74 (0.5H, br s), 2.58-2.43 (2H, m); 
13C NMR (CDCl3, 100 MHz): , 135.98, 135.96, 134.3, 
134.0, 131.9, 131.8, 118.9, 78.9, 78.8, 63.6, 63.4, 56.72, 56.70, 55.1, 55.0, 52.9;   
(E)-Methyl 2-(2-methoxyhexa-3,5-dien-1-yl)oxazole-4-carboxylate (5.56). Compound 
5.56 was prepared following a modified literature procedure.13 Amide 5.64 (11.1 mg, 
0.043 mmol) was dissolved in 0.5 mL CH2Cl2 in a 20 mL vial, and 
the resulting solution was cooled to -78 °C. DAST (50 L, 0.473 mmol) was dissolved in 
5 mL CH2Cl2, and 100 L of the resulting solution was transferred to the vial containing 
amide 5.64. The resulting mixture was stirred for one hour at -78 °C, then 15 mg K2CO3 
was added the mixture stirred for 20 min as it warmed to 0 °C. The reaction was 
quenched in saturated 260 L aqueous sodium bicarbonate, stirred for one hour at 22 °C. 
The organic layer was separated, and the aqueous layer was washed five times with 
CH2Cl2. The organic layers were pooled, washed once with brine, dried with MgSO4, 
filtered, and concentrated in vacuo. 400 MHz 1H NMR analysis revealed complete 
consumption of the amide. The crude oxazoline was azeotroped once in anhydrous 
benzene, and redissolved in 0.5 mL CH2Cl2. The resulting solution was cooled to 0 °C, 
and DBU (20 L, 0.129 mmol, 3 equiv) and BrCCl3 (50 mL, 0.50 mmol, 12 equiv) were 
added. The mixture was allowed to stir in a cold room (4 °C) for 12 h. The reaction was 
quenched in saturated aqueous sodium thiosulfate, the organic layer was separated, and 
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the aqueous layer was washed five times with CH2Cl2. The organic layers were pooled, 
washed once with brine, dried with MgSO4, filtered, and concentrated in vacuo. The 
resulting brown oil was purified by silica gel chromatography (5% ethyl acetate in 
hexanes eluent) to deliver 3.0 mg (0.0127 mmol, 29% yield over two steps) oxazole 5.56 
as a clear colorless oil. 1H NMR (CDCl3, 500 MHz):  8.09 (1H, s), 6.29-6.13 (2H, m), 
5.51 (1H, dd, J = 15.5, 8.0 Hz), 5.17 (1H, d, J = 16 Hz), 5.07 (1H, d, J = 11.0 Hz), 4.09-
4.05 (1H, m), 3.84 (3H, s), 3.19 (3H, s), 3.05 (1H, dd, J = 12.0, 6.4 Hz), 2.94 (1H, dd, J = 
12.0, 6.0 Hz); 
Methyl 2-((3E,5Z)-2-methoxy-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexa-
3,5-dien-1-yl)oxazole-4-carboxylate (5.54). Following the general cross-metathesis 
procedure, with 3.0 mg oxazole 5.56, 19.7 mg boronate 5.17 (10 
equiv), and 26 L 0.1 M Mo-catalyst 5.30, boronate 5.54 was 
obtained in >98% conv and >98:2 Z:E, and following silica gel chromatography, 3.8 mg 
(0.0105 mmol, 83% yield) boronate 5.54 was obtained as a clear, colorless oil. 1H NMR 
(CDCl3, 400 MHz):  8.09 (1H, s), 7.02-6.95 (1H, m), 6.79-6.73 (1H, m), 5.62 (1H, dd, J 
= 15.2, 8.0 Hz), 5.38 (1H, d, J = 13.2 Hz), 4.22-4.16 (1H, m), 3.84 (3H, s), 3.20 (3H, s), 
3.03 (1H, dd, J = 15.2, 8.8 Hz), 2.94 (1H, dd, J = 15.2, 5.2 Hz), 1.22 (12H, s). 
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